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ABSTRACT 
Bridge engineers are concerned with the impact damage produced by an over-height 
vehicle striking the girders of a prestressed concrete (PC) girder bridge. When a bridge is 
struck by an over-height vehicle, usually the exterior and in some instances one or more of 
the remaining girders are damaged. The effect of intermediate diaphragms in providing 
damage protection to the PC girders is not clearly understood. This thesis discusses an 
analytical study that evaluates the degree of damage protection provided by intermediate 
diaphragms in PC girder bridges. Also, the study investigated whether a steel intermediate 
diaphragm would essentially provide the same degree of damage protection as that provided 
by a particular RC diaphragm. 
This investigation includes several tasks. The first task was a literature search and a 
survey of the states departments of transportation to determine the state-of-the-art in the use 
and design of intermediate diaphragms for resisting lateral impact loads. The second task 
was a finite-element calibration study that involved strains and displacements of previously 
documented experimental work and those results predicted by a finite-element analysis. The 
third task involved finite-element models that were developed for a non-skewed bridge and a 
skewed bridge. Each model was analyzed with either one RC or two different types of steel 
intermediate diaphragms. The bridge models were analyzed for a lateral impact load applied 
at different locations along the bottom flange of an exterior girder. A comparison was made 
between the induced strains and displacements in the girders for each diaphragm case. This 
study revealed that intermediate diaphragms have an effect on reducing girder damage in PC 
girder bridges. When a lateral impact load was applied at a diaphragm location, the RC 
Xlll 
diaphragm provided more damage protection for the girders than that provided by either of 
the two selected steel diaphragms. The three types of diaphragms studied essentially 
provided the same degree of damage protection when a lateral impact load was applied away 
from a diaphragm location. 
1 
1. INTRODUCTION 
1.1 Introduction 
Over the years bridge engineers have been concerned about the response of PC girder 
bridges that had been hit by over-height vehicles. According to Shanafedt and Hom [12], 
each year an average number of about 200 PC girder bridges in the United States are 
damaged; about 162 of these bridges are damaged by over-height vehicles or loads. The 
actual number of impacts was expected to be significantly higher than these numbers since 
many minor collisions are not reported. When a bridge is struck by an over-height vehicle, 
usually the outside and in some instances one of the interior bridge girders are damaged. 
Engineers with the Bridge Design section of the Iowa Department of Transportation (Iowa 
DOT) have historically required the use of intermediate reinforced concrete (RC) diaphragms 
on all overpass prestressed concrete (PC) girder bridges. For PC bridges that do not have 
traffic beneath them, intermediate, channel-shaped, steel diaphragms are permitted to be used 
at the bridge contractor's option. The use of RC intermediate diaphragms by the Iowa DOT 
is based on an intuitive damage assessment of the PC bridge girders that is caused by impacts 
from over-height traffic beneath the bridge. Bridge engineers with the Iowa DOT believe 
that the larger mass, stiffness and damping characteristics of an intermediate RC diaphragm, 
compared to those characteristics of an intermediate steel diaphragm, provide a greater 
degree of impact protection for the bridge girders. 
Bridge contractors have always expressed a desire to substitute intermediate steel 
diaphragms for the intermediate RC diaphragms in order to reduce the construction time and 
to simplify the construction process for PC girder bridges. With the continued use of PC 
sub-deck panels for the bridge decks that are constructed in Iowa, precast concrete 
2 
manufacturers have renewed their desire to have the current design policy regarding 
intermediate diaphragms changed to permit the use of a simpler configuration for an 
intermediate steel diaphragm in place of an intermediate RC diaphragm. 
In July of 1989, the Iowa Highway Research Board sponsored a research project 
whose objective was to investigate the behavior of steel and RC intermediate diaphragms. 
Design alternatives for an intermediate steel diaphragm that could be used in place of an 
intermediate RC diaphragm were documented in the final report [ 11] of that work. One 
configuration for an intermediate steel diaphragm was reported to essentially provide the 
same behavioral response to statically applied lateral forces as that provided by the 
intermediate RC diaphragm [ 11]. The recommended steel diaphragm was not used by bridge 
contractors due to the complexity of the steel bracket assembly that was needed to match the 
profile of a PC girder. 
Recently, an intermediate steel diaphragm that was developed as a modification of the 
suggested diaphragm [ 11] by the Iowa DOT was used for the West Town Parkway Bridge in 
West Des Moines that has Iowa Type-D girders and in the Mason City bypass bridge that has 
72-in. deep bulb-tee PC girders. The configuration of this diaphragm is presented in chapter 
five of this work (see Fig. 5.16). Both of these bridges have highway traffic beneath them; 
however, the height clearance beneath these bridges is greater than usual. Therefore, the 
possibility of impacts to the PC girders of these two bridges by an over-height vehicle is 
minimal. 
1.2 Problem statement 
Intermediate diaphragms for PC girder bridges provide stability to the girders during 
bridge construction, contribute to the lateral distribution of vertical wheel loads that are 
3 
applied to the bridge deck of multi-girder bridges, and help to distribute lateral impact forces 
from over-height vehicles. Previous research and publications regarding girder stability and 
vertical load distribution have adequately addressed these two topics. Very few publications 
have discussed the behavior of PC girder bridges with different types of intermediate 
diaphragms when a bridge subjected to lateral loads. The work presented in this thesis 
addresses this concern, and discusses whether an intermediate structural steel diaphragm with 
simple connections to the PC girders provides essentially the same degree of PC girder 
damage protection as that provided by the intermediate RC diaphragm currently being used 
by the Iowa DOT. 
1.3 Objective and scope 
The overall objectives of this work involve extensive and detailed finite-element 
modeling using finite element software ANSYS5.5 [6]. No experimental work was 
conducted. However, published test results for similar structures were used to calibrate the 
theoretical findings. The following research objectives have been identified: 
• Review and evaluate the state-of-the-art regarding the role of intermediate diaphragms in 
distributing lateral loads through out PC girder bridge structures. 
• Investigate the performance of different types and configurations of intermediate 
diaphragms in PC girder bridges under static and dynamic loads. 
• Recommend an efficient intermediate structural steel diaphragm type that can be used as 
an alternate for the intermediate RC diaphragm in Iowa PC girder bridges. The selected 
steel diaphragm should essentially maintain the same degree of damage protection for the 
PC girders as that provided by a RC diaphragm, when over-height vehicles impact 
against the bottom flange of the girders. 
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The above listed objectives were attained as follows: 
Verification of the accuracy of the finite element model was necessary to gain 
confidence in the modeling technique that was used in this work. Thus, a comparison of 
strain and displacement results was conducted between an experimental bridge that was 
tested in the earlier ISU research [ 11] and a finite element model developed for the same 
bridge. Several intermediate diaphragm cases were modeled and studied in the comparison. 
The finite element models were tested under the same cases of loading that were used in 
testing the experimental bridge model. A description of the experimental bridge model, 
finite element model, and experimental and finite element model results are presented in later 
chapters of this thesis. 
The finite element modeling techniques that were applied during the verification 
study were used to develop two basic finite element bridge models. Each model represented 
a PC girder bridge with similar properties and dimensions that were used by the Iowa DOT 
for this type of a bridge. One of the models was for a skewed bridge case and the other 
model was for a non-skewed bridge. Each of these bridge models was analyzed considering 
different diaphragm types. Only a mid-span diaphragm location was considered in the 
analysis. A dynamic analysis was conducted by applying a lateral impact load at the bottom 
flange of one of the bridge PC girders. Complete description of the finite element models 
and the loading cases used in the analysis are presented in Chapter 5 of this thesis. Predicted 
strain and displacement responses of the bridges were calculated and compared for each of 
the different diaphragm types. 
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1.4 Literature review 
A literature review on the topics related to the behavior of PC girder bridges under 
lateral impact load was conducted. The search also covered the topics related to the 
effectiveness of intermediate diaphragms in distributing lateral load. The search focused on 
the use of RC or steel diaphragms in resisting lateral impact loads that might result from a 
lateral hit resulting due to an over-height vehicle passing beneath a bridge. In addition, the 
available publications discussing the crash tests (crashworthiness) conducted on vehicles 
were reviewed to study the techniques used in modeling the impact load resulting from 
collisions. 
Several domestic and international databases were utilized in this search. Among the 
domestic databases was the NTIS (National Technical Information Service), EI Compendex, 
GSCI (General Science Abstract), ASTI (Applied Science and Technology Abstracts), the 
ASCE civil engineering database, Journal of Structural Engineering, the Northwest Transport 
Catalog, and the Iowa State University Catalog. 
Although there was a large number of publications that discuss the existence of 
intermediate diaphragms in bridges, a very few number of these publications were concerned 
about the role of diaphragms in distributing lateral loads. Most of the literature found was 
discussing the effectiveness of diaphragms when a bridge is subjected to normal traffic load. 
Very few publications discussed the use of steel diaphragms in conjunction with PC girder 
bridges. 
Different opinions were noticed in the publications discussing whether the 
intermediate diaphragms are essential in the PC girder bridges. Although the American 
Association of State Highway and Transportation Official (AASHTO) in its 14th edition of 
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the Standard Specifications for Highway Bridges, 1989 [2] requires the use of intermediate 
diaphragms at the points of maximum moments for spans over than 40 ft, clear reasons for 
such requirements were not given. 
In 1959, Benjamin Wei [ 4] conducted an analytical study of a simple-span, non-
skewed, I-Beam bridge, that had a concrete roadway slab continuous over steel stringers. 
Steel intermediate diaphragms, which may be in the form of steel channel, a WF-beam, or a 
built-up section was inserted in the bridge at different locations. The study was conducted 
under several types of vertical loading including a single load, standard truck load, and 4-
wheel truck load. Wei found that in the case of the single and standard truck load, the 
addition of diaphragms reduces the maximum moments in the interior beams. On the 
contrary, when the diaphragms are used in the case of the 4-wheel truck load, the maximum 
moment increased in the girders. 
The effectiveness of diaphragms in distributing the load was investigated by 
Sithichaikasem and Gamble [14] and Wong and Gamble [16]. This investigation was 
accomplished by carrying out an.analytical research to study the effectiveness of diaphragms 
in distributing loads in a simple and continuos PC girder and slab highway bridges. 
Sithichaikasem and Gamble [14] focussed on a simple-span bridge case, and some of 
their noticed results are: 
• Diaphragms cause an increase in the maximum moment in the bridge girders in the case 
when the outer line of the wheels can fall directly over the exterior girders. Thus the 
authors recommended to eliminate intermediate diaphragms in this case. 
• Location and spacing of diaphragms should not be a function of the span length alone. In 
many cases diaphragms are more effective in short bridges than longer ones. 
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• The flexural stiffness of the diaphragms should be carefully selected. Diaphragms with a 
stiffness greater than an optimum value may increase the moments in the girders. 
Wong and Gamble [16] conducted a similar analysis on a continuos bridge case, and 
the following is a summary of their results: 
• An improvement of the load distribution characteristics was noticed in the case of bridges 
that have a large beam spacing-to-span-length ratio. 
• Intermediate diaphragms are harmful (i.e. increase maximum moments in girders ) to PC 
girders in most case. 
Finally, the authors documented in Ref. 14 and 16 that there appears to be conflicting 
evidence as to whether the diaphragms are damage-limiting or damage-spreading members. 
These references suggested that the diaphragms currently being used in bridges are probably 
the wrong shape and size and are usually in the wrong locations. 
Sengupta and Breen [13] studied the effectiveness of using diaphragms in PC girder 
and slab bridges. The cast-in-place concrete diaphragm was the only type of diaphragms 
discussed in this research. Their experimental research was conducted by testing four 1/5.5-
scale, microconcrete, simple-span model bridges under a series of vertical and lateral loads. 
The variables that were considered during testing were the length of the bridge, the skew 
angle, and the locations of intermediate diaphragms. These authors tested four models with 
and without intermediate diaphragms under cyclic and impact loads. Several simplified 
analytical models were used to complete the objectives of their work. The following findings 
were documented by these authors: 
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• The use of diaphragms increased the design moments for the exterior girders and 
reduced the design moment for interior girders. The diaphragms were found to be more 
effective in reducing the moments in the case of bridges with large girder spacing ratios 
(ratio between girders spacing and span) and large girder flexural stiffness to slab flexural 
stiffness ratios. 
• Vertical static load tests revealed that bridges of this type can carry considerable 
overloads without causing any considerable damage to the girders. 
• End diaphragms increase to a great extent both the ultimate and concrete cracking loads. 
• When bridges were subjected to sustained cyclic load, diaphragms did not influence the 
natural frequency of the bridges, and no effect was observed on the damping coefficient 
of bridge vibration. 
• Testing under lateral impact load hitting the bottom flange of the bridge exterior girder, 
revealed that diaphragms reduce the energy absorption capacity of the girders, which 
makes the girders more vulnerable to be damaged from lateral impact. 
Based on the previous conclusions, the authors of Ref. 13 recommended the removal of 
intermediate diaphragms in PC girder bridges. End diaphragms were recommended to be 
provided in bridges, unless thickening the end slab or providing additional reinforcement in 
the slab was used for the approach span zone. 
Kostem and Decasto [9] performed a finite element analysis on two existing simple-
span non-skewed PC girder bridges. The analysis was focusing on the effect of diaphragms 
on the lateral distribution of vertical live loads. An HS20-44 was placed near the mid-span 
of the bridge to produce maximum bending moment at the mid-span. The load was moved 
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laterally to simulate the effect of different lanes loading. The following results were 
documented in Ref. 9: 
• Mid-span diaphragms are not fully effective in the lateral distribution of live load for PC 
girder bridges. 
• Increasing the number of diaphragms along the length of the bridge does not necessarily 
correspond to a more uniform distribution of the load at maximum moment sections. 
• When all bridge lanes were loaded, diaphragms do not noticeably contribute to the lateral 
distribution of live load. 
Cheung, J ategaonkar and Jaeger [ 5] reported that there was a disagreement on the 
effectiveness of intermediate diaphragms in laterally distributing the vertical load. The 
economical impact on the bridge cost with and without intermediate diaphragms was also 
addressed in some literature such as McCathy, White and Minor [10]. These authors found 
that a reduction of 3%-5% is expected in the costs of superstructures if the intermediate 
diaphragms are omitted. 
Publications that addressed vehicle collisions were found to be not very useful 
because these publications were mainly conducted using dynamic programs, which have 
more capability in describing the dynamic problems compared to ANSYS. Several 
crashworthiness publications [ 1, 7,8, 15, 1 7] provided some information regarding the 
properties and duration time of an impact load. 
1.5 Review of current practice 
In addition to the literature search, a survey was conducted of the departments of 
transportation in several states to obtain information related to the design and use of 
intermediate diaphragms on bridges. A copy of the questionnaire that was used in the survey 
and the responds are presented in the Appendix of this thesis. The questionnaire addressed 
the following topics: 
• Whether the agency is currently using or has ever used intermediate diaphragms in PC 
girder bridges. 
• The types of intermediate diaphragms that are currently used by each agency when the 
bridge is passing over highway, navigable waterway, railway, and a grade separation that 
has no traffic underneath it. 
• The design criteria used in designing intermediate diaphragms. 
• The design criteria used in designing the connections between diaphragms and the bridge 
deck or girders. 
• Evaluation of the performance of each diaphragm type in minimizing the damage to the 
PC girders caused by a lateral impact from an over-height load passing beneath the 
bridge. 
• At the end of the questionnaire, each agency was asked to attach a copy of the standard 
details and specifications for all types of intermediate diaphragms that are used by the 
agency for PC girder bridges. 
Approximately 75% of the agencies that were contacted, responded to the survey. 
Almost 95% of the respondents said that they are currently using intermediate diaphragms in 
PC girder bridges. Less than 40% of these agencies use structural-steel intermediate 
diaphragms in PC girder bridges. The reason for using structural-steel diaphragms varied 
between agencies. About 40% of them claimed that bridge contractors have not chosen to 
use a reinforced concrete diaphragm, while 70% of the agencies use steel diaphragms for 
different reasons. The most common reasons given by agencies for using steel diaphragms 
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were that they were faster, easier and cheaper to install than cast-in-place RC diaphragms. 
One of the reasons of using steel diaphragms was to provide stability for the structure during 
construction. 
About 95% of the respondents said that their agencies permit using cast-in-place RC 
diaphragms in PC girder bridges passing over highways, while 75% claimed that their 
agencies permit the use of different types of steel diaphragms for the same type of bridges in 
the same situation. In the case of a PC bridge crossing a navigable waterway, almost 90% of 
the agencies said they permit using cast-in-place RC diaphragms, while about 65% permit the 
use of different types of steel diaphragms. The agency responses for diaphragm use when a 
bridge is over a railroad right-of-way were almost as those given for a bridge crossing a 
highway. Approximately·90% of the agencies permit using the cast-in-place RC diaphragm 
when a PC girder bridge passes over a grade separation that has no traffic (highway, water or 
rail), while 70% said they permit the use of steel diaphragms in the same case. 
When the agencies were asked whether intermediate diaphragms are used for 
temporary lateral support of the PC girders during the bridge construction, about 90% gave a 
positive answer. About 70% of the respondents said they do not use intermediate 
diaphragms to minimize the damage of the PC girders that would struck result by an over-
height vehicle passing beneath the bridge. Although 25% of the agencies said they have 
developed a structural steel diaphragm that can be used as an alternate to a RC or PC 
diaphragms in PC girder bridges, almost none of these agencies have any specific criteria in 
designing these steel diaphragms or its connections with the bridge deck or girders. 
When the agencies were asked to rate each of the intermediate diaphragm types based 
on the overall performance in minimizing the damage to the PC girders caused by a lateral 
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impact resulting from an over-height load passing beneath the bridge, about 80% of the 
respondents who gave a rate for the cast-in-place RC diaphragm type, rated this type of 
diaphragm as good or excellent. Among the respondents who rated the steel diaphragms, 
90% rated steel diaphragms as average and good. About 7 5% of the respondents attached to 
their response a copy of the standard details and specifications for the types of diaphragms 
that are currently used by their agencies in PC girder bridges. The majority of the details 
were for cast-in-place concrete diaphragms. All of the steel diaphragms detail were for steel 
channel, bent plate ( channel shape), and the cross bracing with and without horizontal strut 
diaphragms. These drawings were reviewed for information that might be helpful in 
conducting this research. 
13 
2. AN EXPERIMENT AL BRIDGE MODEL 
2.1 Introduction 
The advancement in computer technology has made it possible to analyze complex 
structures utilizing the finite element method. In this application, one discritizes the system 
being analyzed by several small elements that are connected together at nodes to construct a 
computer model of the structure. Equilibrium equations are then solved to calculate the 
nodal displacements that are used to calculate the induced strains and stresses in the structure 
for specific loading condition. The accuracy of the results of any finite element analysis 
depends on the knowledge and experience of the person conducting such an analysis. 
Therefore the comparison of the finite element results to published experimental testing 
results or well-documented analytical work is strongly recommended. Based on this 
recommendation a finite element model was developed for the experimental bridge model 
previously tested in the earlier research [11], and the results of both models were compared. 
This chapter describes the experimental bridge model that was used in earlier research 
work [ 11]. The various diaphragm configurations that were tested in that model are 
discussed later in the chapter. In addition, the instruments used to measure the deflections 
and strains of the bridge model, and the different load mechanisms used in testing the model 
are also discussed. 
2.2 Model description 
Figure 2.1 shows the bridge model that was used in the previous research [ 11] to 
study the characteristic behavioral responses of the bridge when subjected to a load applied at 
the girder bottom flange. The loads were either horizontal or vertical or a combination 
between vertical and horizontal loads. 
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The bridge consisted of three prestressed concrete (PC) girders located at 6 ft - 0 in. 
on center. Figure 2.2 shows the PC girder cross section and its dimensions. The girders were 
the Iowa DOT A38 beams. The three girders supported a 4-in. thick reinforced concrete 
deck that was 40 ft - 4 in. long and 18-ft wide. The deck had two overhangs each of 3-ft 
wide measured from the center of the outer PC girder. 
At each end of the bridge model, a 42-in. deep by 18-in. wide reinforced concrete 
abutment supported the PC girders. The two abutments rested on the laboratory floor. Each 
girder had an elastomeric bridge bearing pad located on the upper surface of the supporting 
abutment. The distance between the centerline of the bridge abutments was 3 8 ft - 4 in. 
An 8-in. thick reinforced concrete end diaphragm was cast at each end of the PC 
girders. Figure 2.3 shows the full-depth RC end diaphragm. To provide a structural 
connection between the end diaphragms and the abutments, No.5 reinforcing bars were 
extended from the abutment into the end diaphragm. The No.5 reinforcing bars were also 
used. to provide a monolithic joint between the RC end diaphragms and the bridge deck. 
2.3 Intermediate diaphragms 
The diaphragm types investigated in the bridge model were: a reinforced concrete 
(RC) diaphragm, two sizes ( deep and shallow) of steel channels diaphragms, and a steel X-
braced diaphragm with and without a horizontal strut. Two diaphragm locations were 
considered in the tests: diaphragm located at mid span and two diaphragms located at the 
third points of the bridge. In addition, a study was conducted when there was no diaphragm 
installed. 
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2.3.1 Reinforced concrete intermediate diaphragm 
The 6-in. thick RC intermediate diaphragm shown in Fig. 2.4 was cast through access 
holes in the bridge deck. AU-shaped hair reinforcing bar was placed in each access hole to 
provide construction joint between the deck and the diaphragm. Two PVC plastic pipes were 
embedded in the RC intermediate diaphragm at depths of 8 in. and 20 in., from the deck 
bottom surface. The 3/4-in. diameter PVC plastic pipes were cast at the center of the 
diaphragm thickness. Two holes at each girder web were provided such that each hole 
matches a PVC plastic pipe. Each pipe sleeve contained a 5/8-in. diameter post-tensioning 
rod. At each end of a rod, a 1/2-in. thick steel bearing plate was placed against the outside 
surface of the web for the exterior PC girders. A tight connection was provided between the 
RC intermediate diaphragms and the PC girders by tightening the nuts on an end of each 
tendon. The value of the post tensioning force in the tendons was not recorded in the report. 
PC girder 
1 ft- 10 in. 
6 ft- 0 in. 
2 ft - 1 in. 
5/8 in. Diameter 
post-tensioning rods 
in conduit 
2 ft- 1 in. 
Figure 2.4. Reinforced concrete intermediate diaphragm 
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2.3.2 Steel channel intermediate diaphragm 
Figure 2.5 shows the shallow steel channel intermediate diaphragm that was reported 
in the previous research [11] . The MC8x20 channel was connected to the PC girders using 
two 1-in. diameter A325 bolts provided at each end of the steel channel. The A325 bolts 
attached the channel web to the 6-in. outstanding angle leg as shown in Fig. 2.5 . The steel 
angle that was used to bolt the steel channel to the PC girder web was used in tests involving 
two steel channel depths. Therefore the angle had to be long enough to connect the deep 
channel (C15x33.9). The angle length was taken as 1 ft- 4 in., which was equal to the PC 
girder web height. 
Two slotted holes were drilled at the outstanding angle leg to allow for alignment of 
the steel channel diaphragm. The steel angle was attached to the PC girder web using two 1-
in. diameter A307 bolts. Reference [ 11] documented that the A325 bolts attached the 
PC girder 
6 ft - 0 in . 
1-in. diameter 
A325 bolt 
MC8x20x5ft- 3 in. 
I 
I 1 /16 in. by 2 1/4 in. horizontal slotted holes 
------1 in 6 in. angle leg and 1 1/16-in. diameter holes 
in channel web 
Figure 2.5. Steel channel intermediate diaphragm 
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channel web to the angle were tightened to the minimum bolt tension by using the turn-of-the 
nut method during the bolt installation; however, the exact value of the bolt tension was not 
measured or recorded. 
2.3.3 Steel X-braced with horizontal strut intermediate diaphragm 
The steel X-braced with a horizontal strut intermediate diaphragm shown in Fig. 2.6 
consisted of three MC8x20 steel channels forming the two braces and the horizontal strut. 
According to Ref.[11], each end of the three members was attached to the welded gusset 
plate using four 1-in. diameter A325 bolts. The gusset plate was fabricated to match four 
edges of the PC girder profile. Each gusset plate was connected to the girder using a 3/4-in. 
thick edge plates welded to the four edges of the gusset plate. Four 1-in. diameter A307 bolts 
were used to fasten each edge plate to the girder web. The A325 bolts were tightened using 
PC girder 
of girder 
I 
I-in. diameter 
A325 bolts 
6 ft - 0 in . 
3/4-in. gusset pl. with 3/4-in. 
Anchor pls. 
lij 
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Figure 2.6. Steel X-braced intermediate diaphragm 
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the tum-of-the nut method to develop the minimum bolt tension, but the exact bolt tension 
was not recorded. 
2.4 Instrumentation 
Instruments used in the tests [ 11] consisted of electrical-resistance strain gages, direct 
current displacement transducers (DCDTs) and a limited number of mechanical 
deflectometers. Several strain gages were attached to PC girder bottom flange at different 
cross sections. The strain gages located on line A and shown in Fig. 2.7 were the gages 
needed for correlation with the strains predicted by finite element analysis reported in this 
thesis. 
Figure 2.8 shows the location of the strain gages on the various intermediate 
diaphragm configurations that were tested. Figures 2.8a, 2.8b, and 2.8c show the strain gage 
locations used on the steel channel diaphragm, reinforced concrete diaphragm, and X-braced 
with horizontal strut diaphragm, respectively. The vertical and horizontal displacements of 
the PC girders were measured using DCDTs located at the mid-span of each girder. 
2.5 Loading mechanisms 
In the experimental tests [11], vertical and horizontal loads were applied either 
separately or simultaneously to the PC girder bottom flange. The vertical load was applied 
with a hydraulic cylinder and measured with a local cell. The vertical loads were only 
applied in the upward direction [ 11]. Horizontal load was applied at the bottom flange of any 
of the three PC girders at various locations. A self-supported frame mechanism was used to 
apply the horizontal load [11]. The horizontal load was applied as a pressure on two areas 
located at the side of the bottom flange away from the bridge centerline, to avoid the 
interference with the diaphragms when the load was applied at mid-span [ 11]. 
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Figure 2. 7. PC girder strain gages 
22 
,~ 5 ft- 3 in. 
MC8x20 
Strain gages 
a. Steel channel diaphragm 
2 ft - 3 1/2 in. 
Strain gage 
4 ft- 7 in. 
b. Reinforced concrete diaphragm 
~r 
iP5' 
(c) I 
(d) 
______ :r 
Figure 2.8. Strain gages locations in various diaphragm configurations 
23 
- Strain gage 
4 ft-4 in. 
c. Steel X-braced diaphragm 
Figure 2.8. Continued 
SECTION A-A 
24 
3. FINITE ELEMENT MODEL OF AN EXPERIMENTAL BRIDGE 
3.1 Introduction 
This section describes the finite element models that were developed for the analysis 
of an experimental bridge model. The ~"1\JSYS [6] was selected to be used in this work, 
primarily because of its convenient preprocessing (i.e., for data input), and for its 
postprocessing capabilities (i.e., formulated results). ANSYS is a large-scale, user-oriented, 
general purpose finite element program for linear and nonlinear systems with analysis 
capabilities including statics, dynamics, creep, buckling, heat transfer and fluid flow [ 6]. The 
program contains a library of more than 70 different elements. One of the main advantages 
of ANSYS is the integration of the three phases of finite element analysis - preprocessing, 
solution and postprocessing. 
Preprocessing routines in ANSYS define the model, boundary conditions, and 
loadings. Displays may be created interactively on a graphics terminal as the data are input 
to assist the model verification. Postprocessing routines may be used to retrieve analysis 
results in a variety of ways. Plots of the structure's deformed shape and stress or strain 
contours can be obtained in the postprocessing stage. 
3.2 Model description 
Figure 3.1 shows an overall view and a cross section of the finite element model that 
was developed for an experimental bridge model [ 11] when there were no intermediate 
diaphragms installed. The deck and the PC girders were modeled using solid element (brick 
element) with eight nodes (SOLID45 in the ANSYS element library). This element has three 
translation degrees of freedom at each node. The end diaphragms and the abutments were 
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Figure 3.1. Finite element model of an experimental bridge 
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modeled using shell elements (SHELL63 in ANSYS element library). Each node of the shell 
element has six degrees of freedom, three translation and three rotation. 
The model consisted of 4,949 nodes and 2,921 elements. Thirty-six rows of solid 
elements (SOLID45) were used in the longitudinal direction of the bridge (see Fig.3. la). The 
deck was modeled with 1,188 solid elements arranged in one layer that contained 33 
elements across the width of the bridge ( see Fig.3 .1 b ). The modulus of elasticity of the deck 
was taken as 3,908 ksi, which corresponds to a concrete compressive strength (f 'c) of about 
4 700 psi. The girders were modeled with 972 solid elements, such that each girder contains 
9 elements in a cross section (see Fig.3.1 b ). The haunches between the girder top flange and 
the web were not included in the model since they were small in size. 
Each abutment consisted of 162 shell elements (SHELL63), with a thickness equal 18 
m. Each end diaphragm contained 1 72 shell elements. The thickness of the end diaphragms 
was taken as 14 in. The modulus of elasticity of the abutments and end diaphragms was 
taken as 4,084 ksi, which corresponds to a concrete compressive strength (f 'c) of about 5100 
psi. 
The concrete abutment and the end diaphragm were assumed to have common nodes, 
since reinforcing bars were provided to insure monolithic behavior. Similar idealization was 
also used to model the connection between the bridge deck, bridge girders and the end 
diaphragms. 
3.3 Support conditions 
As was previously mentioned, the two 18-in. thick abutments supporting the bridge 
were rested on the floor of the laboratory. Thus all the nodes on the bottom of the abutment 
restrained in the vertical direction (y-axis) (see Fig.3.2). In addition, lateral supports were 
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Figure 3.2. Supports condition of the finite element model of the experimental bridge 
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added only at one end of the finite element model, while the other end was modeled as a 
roller. As shown in Fig.3.2, the two edge nodes at the bottom of the laterally supported end 
abutment were prevented from translation (i.e. Ux,Uy and Uz are zeros). The figure also 
shows that one edge of the end diaphragms was restrained from moving in the x-direction at 
the location of the self-supported frame that was used to apply the horizontal loads. 
3.4 Intermediate diaphragms 
The effect of using different types of intermediate diaphragms on the overall behavior 
of the bridge model was investigated. This was accomplished in two steps. First, the bridge 
model was idealized for the finite element analysis using coarse size of elements to model the 
bridge deck, girders, abutments and concrete end diaphragms. In addition, 3-D truss 
elements were used to model different steel diaphragm types. This step included two types 
of models. The first was referred as "preliminary models", while the second was called 
"refined models". In the second type, some modifications were added to the diaphragms 
modeling. In the second step, the submodeling options available in the ANSYS [6] was used. 
In the vicinity of the diaphragms, smaller elements and a detailed idealization of each 
diaphragm and its connection with the bridge girders were used. The input data for 
displacements at the cut boundaries of these submode ls were obtained from the analysis 
conducted in the first step. More details of the above summarized procedure is given below. 
3.4.1 Preliminary models 
3.4.1.1 Reinforced concrete intermediate diaphragm. The reinforced concrete 
diaphragm model was developed at mid-span of the bridge. Shell elements (SHELL63) were 
used to idealize the diaphragm for the finite element analysis. Figure 3 .3 shows a cross 
section of the analytical bridge model with the 6-in. thick reinforced concrete diaphragms. 
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Common nodes 
BM3 BM2 BMl 
RC diaphragm 
Figure 3.3. Reinforced concrete diaphragm for the preliminary finite element model 
Each diaphragm consisted of 50 shell elements. The coordinates of the nodes located at the 
edges of the RC diaphragms were created to match the coordinates of the corresponding 
nodes lying on the PC girders and deck of the blidge. This matching of nodes was necessary 
for creating a bond between the RC diaphragms and the bridge. According to the 
experimental research [ll], the RC diaphragms and the bridge deck had the same strength. 
Their modulus of elasticity was taken as 3908 ksi. 
Since the RC diaphragms were cast after the blidge deck was already existing, the 
diaphragms were not connected monolithically to the bridge. As was previously noted in 
chapter two, to provide a tie between the RC diaphragms and the b1idge deck, U-shaped hair 
reinforcing bars were placed through the access holes in the slab shown in Fig.2.4. The two 
access holes that were used in casting each diaphragm were considered to be the locations 
where the RC diaphragms connected to the bridge deck. The connection between the RC 
diaphragms and the PC girders were developed by the two 5/8-in. diameter post-tensioning 
tendons passing through the 3/4-in. diameter pipe sleeves that were cast in the center of the 
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diaphragms. Since the post-tensioning tightening force was not noted in the experimental 
tests, an assumption was made that the PC girders and the RC diaphragms were fully 
connected at the location of the two post-tensioning tendons. These connections were 
modeled using common nodes between these elements. The solid circles presented in Fig. 
3 .3 represent the common nodes that were considered in the model. In all other locations 
along the interface surface between the diaphragm and the bridge, two coinciding rows of 
nodes were modeled. This was done to allow the independence of both the RC diaphragms 
and the bridge on each other. 
The independence in displacement between the diaphragms and the bridge were 
required only when the forces transferred through the surface of both the RC diaphragm and 
the PC girders and RC deck was either tension or shearing forces. When the transferred 
forces were compression, both the diaphragm and the PC girders and RC deck will have an 
effect on each other. To satisfy these properties at the coinciding nodes, a 3-D node-to-node 
contact element CONTAC52 was added to the model at the locations of the coinciding 
nodes. A description of this contact element and its properties is discussed in section 3. 7 .1. 
3.4.1.2 Steel channel intermediate diaphragm. Figure 3.4 shows a cross section of 
the analytical bridge with the steel channel diaphragm installed in the bridge model. Each 
steel channel was modeled by a 3-D truss link (LINK.8 in the ANSYS element library) 
located at mid-height of the PC girder web. This truss link has three translation degrees of 
freedom at each end, which allowed the member to carry axial tension or compression but no 
bending or torsional moments. The use of slotted holes in the outstanding 6-in. angle leg that 
was attached to the steel channel web by two A325 high strength bolts caused forces to 
transfer between the PC girders and the steel channel by friction only. Even though the 
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Figure 3.4. Steel channel diaphragm for the preliminary finite element model 
experimental results [11] showed that slippage occurred between the steel channel web and 
the angle leg, this slippage was neglected in this model. An integral connection was assumed 
between the steel channel and the PC girder web. 
3.4.1.3 Steel X-braced with horizontal strut intermediate diaphragm. Figure 3.5 
shows the cross section of the analytical b1idge model with the X-braced plus ho1izontal strnt 
diaphragm. Both, the cross brace and the horizontal strut were idealized using 3-D truss 
links (LINK8). As mentioned for the steel channel diaphragm, modeling the MC8x20 
channel as a truss link prevented the transfer of bending moments between the PC girders 
and the steel diaphragms. Also, with LINK8 elements, the actual cross-section of the 
diaphragm would not affect the analytical results. Although the holes that were placed in the 
3/4-in. thick gusset plate were not slotted, slippage between the steel channel webs and the 
gusset plates might occur because of the required minimum clearance between the bolt and 
the drilled hole. This slippage was neglected in this analytical model and no relative 
displacements were assumed to occur between the PC girders and the X-braced plus 
horizontal strut diaphragm. 
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LINKS 
Figure 3.5. Steel X-braced with horizontal strut diaphragm for the preliminary finite 
element model 
3.4.2 Refined models 
After the review of the deflection results of the preliminary models that will be 
discussed in the following chapter, and comparing the predicted and measured experimental 
results, significant differences were noted. Therefore, more accurate finite element models 
that account for the actual geomet1ic configurations of the two steel diaphragms and the 
details of the connections between the diaphragms and the PC girders, were developed. 
These models were defined as the "refined models" . Steps used to construct these "refined 
models" are presented below. 
3.4.2.1 Reinforced concrete intermediate diaphragm. When BM2 was loaded, a 
tension force was noticed at the smface between BM2 and the RC diaphragm located 
between BMl and BM2. Even though the tightening force of the post tensioning rods was 
not recorded in the experimental test [11], a complete structural connection was assumed 
between the PC girders and the RC diaphragms in the preliminary model at the locations of 
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the post tensioning rods. This assumption showed small horizontal displacements for the 
intermediate girder (BM2) compared to that of the experimental results. This difference was 
found to be due to a non-integral connection between the intermediate girder and the adjacent 
diaphragms that allowed a gap to open between the intermediate girder and the diaphragm 
located between BMI and BM2. 
In order to allow BM2 to displace more when it is loaded horizontally, common 
nodes located on the interface between BM2 and the diaphragm located between BMI and 
BM2 were replaced by two coinciding nodes. One of them was located on the BM2 web and 
the other on the adjacent edge of the diaphragm, and a 3-D node-to-node contact element was 
placed between the two nodes. Figure 3.6 shows the refined model with the common nodes 
shown as solid circles. The refined model was used only when BM2 was loaded, while the 
preliminary model shown in Fig.3.3 was used when the load was applied .at BMI. 
Common nodes 
BM3 BM2 BMl 
RC diaphragm 
Figure 3.6. Reinforced concrete diaphragm for the refined finite element model 
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3.4.2.2 Steel channel intermediate diaphragm. To consider the effect of slippage 
between the steel channel web and the 6-in. outstanding leg of the angle connected to the 
web of the PC girders and to consider the steel channel configuration effect, a refined model 
was developed. As shown in Fig. 3. 7, the finite element bridge model was similar to the 
preliminary model. Shell elements (SHELL63) were used to model the steel channel 
diaphragm in the refined model. The 6-in. outstanding leg of the steel angle connecting the 
steel channel with the PC girder web was modeled using four 1/2-in. thick elements. The 
two horizontal edges of the outstanding legs were free. The heel of the angle adjacent to the 
PC girder web was connected to the web nodes. The angle leg attached to the PC girder web 
in the experimental bridge was neglected in this analytical model. The steel channel web 
consisted of eleven elements in the longitudinal direction of the channel, and two elements in 
the depth direction of the channel. The twenty-two shell elements forming the channel web 
had a thickness equal to 0.4 in. The steel channel flanges consisted of eleven shell elements 
in the longitudinal direction, and one element through the width of the flange. The flange 
thickness was modified by taking it equal to 0.4 in. instead of 0.5 in. to avoid the change in 
the channel cross section area due to the increase in the web height to match the nodes at the 
PC girder web. 
In the area where the steel channel web and the outstanding angle leg were attached, 
coinciding nodes and coinciding shell elements for the web and the angle leg were used. To 
develop friction resistance between the coinciding elements equal to that was provided by the 
I-in. diameter A325 bolts and to avoid overlapping between the elements, contact surfaces 
with coefficient of friction, µ, equal 0.33 were employed between the channel web elements 
and the outstanding leg elements. Since the force that was used to tighten the high strength 
Clamping force 
pressure 
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SHELL63 
a. Cross section 
MC8x20 steel channel 
6-in. outstanding 
angle leg 
/ Channel flange __ __;;;.._ 
b. Section A-A 
Figure 3.7. Steel channel diaphragm for the refined finite element model 
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bolts was not recorded in the experimental test [ 11] , an initial force was applied equal to 51 
kips, which is the minimum bolt tension force for A325 bolts of diameter 1 in. [3]. The finite 
element analysis was conducted assuming different clamping forces to investigate the 
sensitivity of the results to this assumed force. These clamping forces were applied as 
pressure ( see Fig. 3.7b) at the inner surface of the channel web and at the outer surface of the 
outstanding leg. The pressure on both surfaces were opposite to each other and equal in 
magnitude, which was equal to the clamping forces of the two A325 bolts divided by the 
contact area. At the end of this investigation the clamping force magnitude was taken as 32 
kips. 
3.4.2.3 Steel X-braced with horizontal strut intermediate diaphragm. For the 
same reasons mentioned in the last section, a refined model shown in Fig. 3.8 was created for 
the X-braced with horizontal strut intermediate diaphragm. The same bridge model 
developed for the preliminary model was used in this model after refining the intermediate 
diaphragm. As noticed from the figure, the diaphragm consisted of three steel channel 
members (two cross braces and one horizontal strut). Shell elements were used in creating 
the entire diaphragm. The web of the three steel channels representing the two cross braces 
and the horizontal strut consisted of eight elements in the channel longitudinal direction and 
two elements in the channel depth direction. The flanges of the three steel channels consisted 
of eight elements in the channel longitudinal direction, and one element in the flange width 
direction. The web thickness was taken as 0.4 in., while the flange thickness was taken as 
0.5 in. The total depth of the steel channel and the flange width were taken as 8 in. and 3.025 
in. respectively. 
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Gusset plate (SHELL63) 
MC8x20 steel channel 
(SHELL63) 
Figure 3.8. Steel X-braced with horizontal strut diaphragm for the refined finite 
element model 
As noticed from the figure, the gusset plate consisted of 15 shell elements having 
thickness equal to 3/4 in. The top and bottom horizontal edges of the gusset plate were free. 
The vertical edge of the gusset plate adjacent to the PC girder was attached to the girders 
nodes. The same modeling approach discussed in the previous section was used to develop 
the connection between the steel channel web and the gusset plate. Similar contact elements 
used in the previous section with µ equal 0.33 were employed in this model. Because of the 
inclination of the X-braced channels the nodes of both the channel web and the gusset plate 
did not coincide with each other. Therefore, the elements for both pieces did not match with 
each other. Only two nodes on the web and the gusset plate were chosen to have the same 
coordinates. 
Based on the previous investigations conducted to dete1mine the clamping force for 
the A325 bolts, a 32-kip clamping force was used for this analysis. This clamping force was 
assumed to be applicable for all the steel diaphragm cases, including the X-braced diaphragm 
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with horizontal strut case. This clamping force was applied as two equal in magnitude and 
opposite in direction concentrated forces. The magnitude of the clamping force was 
calculated by adding together the clamping forces of the four A325 bolts. The location of the 
applied clamping force was at the two coinciding nodes at both ends of each channel. 
3.5 Load cases 
3.5.1 Preliminary models 
As previously mentioned, the purpose of developing and studying the preliminary 
models was to predict the behavior of the bridge model under different cases of loading even 
when some of the construction details were neglected in the finite element model. To 
accomplish this goal, horizontal and vertical loads were applied to the preliminary bridge 
models with loads equal to that were used in the experimental test. The load locations 
considered in this study are shown in Fig. 3.9. As noticed from the figure, the loads were 
only applied at the mid-span ofBMl and BM2, while BM3 was not included in the 
comparison study. 
Vertical upward loads were applied as concentrated loads at the two points shown in 
Fig. 3.10. Each concentrated load started with 5 kips and was increased gradually to a value 
equal to 25 kips. Horizontal load was applied as two concentrated equal loads applied at the 
points shown in Fig. 3.10. The three diaphragm configuration cases and the no diaphragm 
case were loaded at points (1) and (2) (see Fig. 3.9) with a horizontal load starting from 10 
kips and increasing to 75 kips (the maximum load for the no diaphragm case was 60 kips). 
Each of the load applied at points (1) and (2) was pointing toward the unloaded beam (BM3). 
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Figure 3.9. The load locations considered in the analysis 
___________ } Horizontal forces 
Vertical forces 
Figure 3.10. Vertical and horizontal load locations considered in the preliminary and 
refined finite element models 
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3.5.2 Refined models 
After the preliminary model displacement results were compared with the 
experimental results, the refined models were developed to improve the displacement 
prediction by the finite element. Since the effect of diaphragms on the bridge behavior under 
vertical loads was noticed to be minor, vertical loads were not considered in the refined 
models study. The no-diaphragm case was not considered in this study either, since there 
was no need to refine the preliminary model for that case. 
A maximum load of 75 kips was applied for each case. Loads were applied at point 
(1) for both of the steel diaphragm cases, and at point (2) for the reinforced concrete 
diaphragm case (see Fig. 3.9). The horizontal loads were applied using the same procedure 
described in the former section. 
3.6 Submodels 
3.6.1 Introduction 
An option available in ANSYS [ 6] program called "submodeling" was used to 
analyze the portion of the bridge near the intermediate diaphragms. Submodeling is a 
technique that can be used when the analyzed structure is large enough to be modeled using a 
fine mesh including all details over the entire finite element model. This approach can be 
used to study stress concentration at a specified location in a structure. In general, 
submode ling is a tool that allows the analyst to study the behavior of a certain part of the 
analyzed model without modeling the entire model with the same mesh size. In this 
technique, cut boundaries of the submode I for the region to be studied are defined and should 
be taken far enough away from the area of interest such that the boundary conditions 
(displacements) applied at the cut boundaries do not affect results at the area of interest. 
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Boundary conditions (displacements) that will be applied to the cut boundary of the 
submodel are calculated from the analysis of a coarse model representing the entire structure. 
3.6.2 Intermediate diaphragm submodels 
The refined models previously developed for different diaphragm configurations gave 
approximate results of the strains and stresses in the bridge deck and girders. The mesh size 
used in modeling the bridge elements and intermediate diaphragms and the excluded details 
such as the exact locations of the A325 bolts and the existence of the A307 connecting the 
steel diaphragm with the PC girders were among the factors that affected the finite element 
results. 
To predict more accurate stress and strain distributions in the intermediate 
diaphragms and their connections, a finite element submode! was developed for each 
diaphragm configuration, for except the reinforced concrete intermediate diaphragm. The 
reason of not developing a submode I for the reinforced concrete diaphragm was that the 
preliminary and refined models shown in Fig.3.3 and Fig.3.6, respectively, showed 
acceptable agreement with the experimental stresses and strains in the bridge deck, girders, 
and intermediate diaphragms. One of the main elements used in creating and developing the 
submodels was the surface-to-surface contact element that was used to model the connections 
between the diaphragm elements and the bridge. A description of the surface-to-surface 
contact element and its properties is presented in section 3. 7 .2. 
3.6.2.1 Steel channel intermediate diaphragm submodel. This submode! was 
created to study the strain distribution in the steel channel intermediate diaphragm and its 
connections. To avoid affecting the results at the diaphragm location, cut boundaries were 
taken at a distance equal 3 ft in the longitudinal direction of the bridge, at each side of the 
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diaphragm. Figure 3.11 shows the submode! developed for the steel channel intermediate 
diaphragm. As shown in the figure, solid elements (SOLID45) were used in creating the 
entire model including the steel channel diaphragm and its connections. The same material 
properties used in the steel channel intermediate diaphragm refined model were used in this 
model. 
The bridge deck consisted of 96 elements in a cross section. These elements were 
divided into two equal layers with 22 elements in the longitudinal direction. Each PC girder 
cross section consisted of 32 elements. The steel channel was modeled using 234 elements. 
Three layers of 26 solid elements were used to model the channel web. Each channel flange 
- Cut boundary 
Cut boundary 
a. Overall view 
Figure 3.11. Steel channel diaphragm submode! 
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MC8x20 steel channel 
(SOLID45) 
Steel plate 
(SOLID45) 
b. Overall view with no deck 
c. Cross section 
Figure 3.11. Continued 
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consisted of 26 elements in the channel longitudinal direction and 3 elements in the flange 
width direction. The 16-in. long steel angle connecting the PC girders with channel 
diaphragms was modeled using 56 elements. The outstanding leg was divided to 5 elements 
in its short direction and 7 elements in the long direction. The other leg attached to the PC 
girder web was divided to 3 elements in its short direction and 7 elements in the leg long 
direction. The 3/8-in. thick steel plate attached to the outer side of the outer PC girders was 
consisting of 3 elements in the plate short direction and 7 elements in its long direction. 
Nodes of the PC girders, steel channel, steel angle and outside steel plate lying in the 
area of contact had separate nodes, i.e. no common nodes were taken between any two 
members. This allowed sliding and gap opening to take place when loads were applied to the 
bridge model. In this submodel, two types of contact surfaces were applied. Sliding contact 
surface and sticking contact surface. The sliding contact surface was created to attach the 
channel web and the outstanding angle leg. The target and the contact were attached to the 
two adjacent surfaces of the channel web and the outstanding leg. Since both materials 
connected to each other in this connection were made of steel, the hardness of each surface 
was the same, thus there was no difference between applying the target or the contact on 
either the channel web or the angle leg. Coefficient of friction(µ) was taken as 0.33, which 
is for Class A surfaces (unpainted clean mill scale steel surfaces) [3]. 
The clamping forces resulting from the two A325 bolts were applied as two equal in 
magnitude and opposite in direction compressive concentrated forces. The clamping forces 
were applied at the exact location of the bolts. The two nodes at the application points for 
these forces had the same x and y coordinates and different z coordinates. One of the two 
nodes was at the side of the channel web toward the flanges. The other node was at the 
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surface of the angle leg that is away from the channel. As previously mentioned in section 
3.4.2.2, the clamping force was taken as 32 kips. 
Two sticking contact surfaces were created on the surfaces lying between the PC 
girder web and each of the 4-in. angle leg and the outside steel plate. The sticking contact 
surfaces prevented any relative displacement in the surface of contact plan between the PC 
girder web and both of the 4-in. attached angle leg and the 4-in. wide outside steel plate. 
Since the girder surface ( a concrete surface) was softer than the steel surface in both 
connections, the target was attached to the steel plates and the contact was attached to the PC 
girder. 
Each of the two A307 bolts that fastened the steel angle leg and outside steel plate to 
the PC girder web was modeled as a beam element. The beam element consists of two nodes 
with six degrees of freedom at each node. Three of the degrees of freedom were translation 
and the other three were rotation. Each beam element was located at the exact location of the 
bolt in the experimental bridge. The beam element connected two corresponding nodes. One 
of the nodes was on the steel plate and the other was on the angle leg. Both of the nodes 
were located at the two surfaces that were not attached to the PC girder web. 
3.6.2.2 Steel X-braced with horizontal strut intermediate diaphragm submodel. 
Shown in Fig. 3 .12 is the submodel that was developed using solid element (SOLID45) for 
the X-braced with horizontal strut diaphragm. Material properties were the same as those of 
the refined model. The cut boundaries were taken at the same location as that for the steel 
channel diaphragm case. The submodel deck consisted of 96 solid elements in the cross 
section of the bridge and 18 elements in the longitudinal direction of the bridge. The deck 
elements were modeled on two layers through the thickness of the deck. The PC girder cross 
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Cut boundary 
a. Overall view 
Gusset plate 
(SOLID45) 
b. Overall view with no deck 
Cut boundary 
MC8x20 steel channel 
(SOLID45) 
Steel plate 
(SOLID45) 
Figure 3.12. Steel X-braced diaphragm submode! 
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c. Cross section 
Figure 3.12. Continued 
MC8x20 steel channel 
(SOLID45) 
section consisted of 26 elements. In the longitudinal direction of the bridge model, the 
girders were divided into 18 elements. Displacements (boundary conditions) that were 
calculated from the finite element analysis of the steel X-braced diaphragm refined model 
shown in Fig. 3.8 were applied at the cut boundary nodes. 
The steel channel cross braces and holizontal strut were modeled using the same 
number of elements. The channel web consisted of 4 elements along the channel depth and 
14 elements in the longitudinal direction of the channel. The steel channel flange consisted 
of 3 elements along the flange width and 14 elements along the flange length. The 3/4-in. 
thick gusset plate was modeled using 40 elements. A node occurred at each A325 bolt 
location. The edge plate fastening the gusset plate to the PC girder was modeled using 3 
elements in the plate width direction and 11 elements in its longitudinal direction. This edge 
plate consisted of two pa.its. The first was attached to the top flange, while the second was 
attached to the web and the bottom flange. 
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The same method used to model the connection of the steel channel intermediate 
diaphragm was used for the connection of the X-braced intermediate diaphragm. However, 
for this submodel each channel end was fastened in the gusset plate using four A325 bolts. 
The clamping forces were applied using the same method described in section 3.6.2.1. In 
this submode!, the clamping forces were taken as 32 kips per bolt. 
3. 7 Contact elements 
3. 7.1 Node-to-node contact element 
As shown in Fig. 3.13a the node-to-node contact element consists of two surfaces that 
may be in contact or open (move away from each other). Also these surfaces have the 
capability of sliding relative to each other. This contact element can resist a compression 
force only in the direction normal to the surfaces. Any tension force across the surfaces will 
create a gap between the two surfaces. Sliding between the two surfaces might occur when 
the gap between these surfaces close. The amount of sliding between the surfaces follows 
Coulomb friction principle, where the sliding is mainly controlled by the coefficient of 
friction(µ) as shown in Fig.3.13b. As noted from the figure, sliding will occur when the 
applied shearing force between the two nodes exceeds the value (µp ), where (p) is the normal 
force acting between the two surfaces. The coefficient of friction (µ) for the used contact 
elements was taken as 0.3. 
3.7.2 Surface-to-surface contact element 
Surface-to-surface contact elements ( contact surface elements) are used where there 
was contact between two surfaces that do not share common nodes. Contact surface allows 
the two surfaces in contact to bear on each other without permitting any overlap of the parts. 
In addition, contact surface element allows the two attached surfaces to separate when 
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Node2 
Node 1 
a. Element view 
Sliding 
µ p ---- - -- -----.------"---------
Relative displacement 
b. Sliding resistance 
Figure 3.13. 3-D node-to-node contact element 
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subjected to tension force. A contact surface element cannot carry tension stresses, but it can 
resist shear that restrains the two surfaces from sliding on each other. 
The idea of the contact surface is mainly built on creating two surface elements, one 
is called target and the other is contact [ 6]. Each target and contact forms a pair and each 
element in this pair is attached to one of the surfaces in contact. When these elements bear 
on each other, the target can penetrate the contact but opposite could not happen. Thus the 
target should be attached to the harder surface and the contact should be attached to the softer 
surface. 
Contact surface elements are classified according to the type of shear resistance that 
each element produces. Two types of contact surfaces were used in developing the finite 
element submodels. These two types were sliding contact surface and sticking contact 
surface [6]. Shear resistance of the sliding contact surface follows Coulomb Friction shown 
in Fig.3.14a which assumes that the attached surfaces would keep sticking on each other until 
the shearing stress -r applied on the surface of contact between them reaches µp, whereµ is 
the friction coefficient and pis the normal compressive stress on the surface of contact. 
When -r exceeds µp, relative sliding begins to occur between the surfaces. The shear 
resistance of the sticking contact surface is infinity, i.e. the two attached surfaces will keep 
sticking to each other, and sliding will never take place between them. 
Figures 3. l 4b and 3 .14c show an example of using contact surfaces. The figure 
represents two surfaces in contact before and after applying pressure on them. One of the 
surfaces was harder than the other, thus the target was attached to the harder surface. The 
figure illustrates clearly that the target (hard surface) penetrates the contact (soft surface). 
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Figure 3.14. Surface-to-surface contact element 
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3.8 Submodels load cases 
Since the boundary conditions applied to the submodels were the nodal displacements 
from the finite element analysis of the refined models, the same load cases studied in the 
refined model cases were considered in the finite element submodels. For the steel channel 
intermediate diaphragm submode!, the horizontal load was divided into three concentrated 
forces. As shown in Fig. 3.15, the three points where the horizontal forces located were at 
the PC girder bottom flange side. The load distribution among the three points was based on 
the contributing surface area for each node. The three loads were applied as concentrated 
loads pointing toward the bridge centerline. However, in the X-braced with horizontal strut 
intermediate diaphragm submode! the load was applied as a pressure on the side of the PC 
girder bottom flange. As shown in Fig. 3 .16, the pressure load was applied symmetrically 
away from the bridge centerline to idealize the same way that was used in the experimental 
test [ 11] to apply the horizontal load. 
f-----+---..,.t---F/4 
t-----+---..,.t--- F/2 
~-~----F/4 
Figure 3.15. Load locations for the steel channel diaphragm submode) 
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Figure 3.16. Load location for the steel X-braced diaphragm submodel 
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4. COMPARISON OF FINITE ELEMENT MODELS 
AND EXPERIMENTAL BRIDGE MODEL RESULTS 
4.1 Introduction 
The results of the experimental and the analytical finite element bridge model 
described in the previous chapters are summarized in this chapter. The results of both 
approaches including displacements of the PC girder bottom flange, the PC girder bottom 
flange strains and the strains induced in different diaphragm types are compared. 
4.2 Experimental bridge model results 
As previously discussed, the 40 ft - 4 in. length and 18 ft - 0 in. wide experimental 
bridge (see Fig. 2.1) that was studied in Ref. [11] was tested under several load cases with 
different diaphragm configurations. In order to compare the experiment results with the 
analytical results, the experimental data was used to fit a straight line or a curve that fit the 
data and shows increase in the response when load increases. All the experimental data 
( displacements and strains) that were presented in this chapter are following the fitted lines 
(straight lines or curves). 
4.2.1 Displacement results 
As previously mentioned, horizontal and vertical loads that were considered in this 
research were applied separately at points (1) and (2) shown in Fig. 3.9. Horizontal and 
vertical displacements were measured at the same point the load was applied. 
4.2.1.1 Vertical displacement. Figure 4.1 shows the vertical load versus vertical 
deflection behavior for the experimental bridge with no diaphragm (ND), reinforced concrete 
diaphragm (RC), steel channel diaphragm (CH), and steel X-braced with horizontal strut 
diaphragm (X-BR). The load was applied at the bridge mid-span at point (1) (see Fig. 3.9) in 
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Figure 4.1. Vertical load vs. vertical displacement for the experimental bridge model. 
Load and displacement at point (1) 
increment of 5 kips up to a maximum value of 25 kips. Displacements were measured at 
point ( 1 ). The no diaphragm case behavior compared to the behavior of the cases with 
intermediate diaphragms showed that the role of intermediate diaphragms in distributing 
loads applied vertically on the exterior PC girder bottom flange is negligible. As shown in 
Fig. 4.2, similar behavior was also noticed when the same load was applied at point (2) (see 
Fig. 3.9). This illustrates that when vertical loads are applied the load-displacement 
relationships show that the type of the diaphragms has insignificant effects on the overall 
stiffuess of the bridge 
4.2.1.2 Horizontal displacement. Figure 4.3 illustrates the relationship between the 
horizontal deflection and the horizontal load for the bridge model with various diaphragm 
types. The horizontal load applied at the exterior PC girder (BMl) bottom flange at point (1) 
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Load and displacement at point (2) 
80 
I I I 
70 I I --ND 
I 
I I --- RC I 
60 I I ······CH I I 
I 
I -·-·X-BR I - 50 I I c,; C. I I ;g, I I I 
40 I / "O I I co: I. 
0 
.J 30 // 
// 
/ 
20 I 
1 0 
0 
0 0.05 0 .1 0 .1 5 0.2 0 .25 0 .3 
Displacement (in.) 
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model. Load and displacement at point (1) 
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increased from zero up to 75 kips for all the cases with intermediate diaphragms. For the no 
diaphragm case, a maximum load of 60 kips was applied. As noticed from the figure the 
existence and the type of intermediate diaphragms had an effect on the horizontal deflection 
response. The figure shows that the bridge model with the reinforced concrete diaphragm 
and the X-braced diaphragm experienced similar displacements. 
As shown in Fig. 4.4, similar behavior was noticed when the load was applied on the 
interior PC girder (BM2) bottom flange at point (2). The existence and the type of the 
intermediate diaphragm had significant effects on distributing the applied horizontal load. 
Again, the bridge model with the steel X-braced diaphragm and the reinforced concrete 
diaphragm had a similar response. 
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4.3 Finite element model results 
As mentioned in Chapter 3, the development of the finite element models passed 
through three steps, preliminary models, refined models, and finally the submodels. For the 
no diaphragm case only a preliminary model was developed. For the reinforced concrete 
diaphragm, preliminary and refined finite element models were generated. For each of the 
two steel intermediate diaphragms, preliminary, refined, and submode! finite element models 
were developed. The response of the bridge model under loads similar to that used in the test 
is discussed in the following section. 
4.3.1 Displacement results 
4.3.1.1 Preliminary models result. Initially, the results of the analytically predicted 
displacements using a coarse (preliminary) model were compared to the experimental results. 
The loads applied to the analytical model followed the same sequence used in testing the 
bridge. The difference between the analytical and experimental displacement results was 
used as a guide in developing the refined finite element models and the submodels. 
Figure 4.5 shows the vertical load versus vertical displacement behavior that was 
predicted by the preliminary finite element models for three intermediate diaphragm cases. 
The no diaphragm case is also plotted in the figure. Load was applied on the exterior girder 
point ( 1 ), and displacement was measured at the same location. As previously noticed for the 
experimental results ( see section 4.2.1.1 ), the types of diaphragms has insignificant effects on 
the displacements. Similar response of the bridge model was obtained when the load was 
applied at point (2) (see Fig. 4.6) 
In Fig. 4.7 the horizontal load versus horizontal displacement behavior is plotted for 
the three diaphragm configurations considered in the experimental-analytical comparison 
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Figure 4.5. Vertical load vs. vertical displacement for the preliminary finite element 
model. Load and displacement at point (1) 
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Figure 4.6. Vertical load vs. vertical displacement for the preliminary finite element 
model. Load and displacement at point (2) 
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study in addition to the no diaphragm case. Loads were applied on the exterior PC girder at 
point (1), and displacement readings were computed at the same location. Figure 4.8 is 
similar to Fig. 4. 7, but the load was applied on the interior girder at point (2) instead of point 
(1), and the displacements were measured at the same location. The results shown in these 
two figures demonstrated that the type of intermediate diaphragm has a significant role in 
distributing lateral loads. 
4.3.1.2 Refined and submodels result. The finite element refined and submodels 
were mainly developed to improve the accuracy of the finite element results resulting from 
the preliminary models. A refined model was developed for the reinforced concrete 
diaphragm type and each of the two steel diaphragms. As mentioned in Chapter 3 ( see 
section 3.4.2.1), the reason for creating the refined model of the reinforced concrete 
diaphragm was to predict more accurate displacements when horizontal load was applied at 
point (2). Thus, the RC diaphragm refined model was only used to get the results when point 
(2) was loaded. The refined models of the two steel diaphragm types were used in 
conjunction with the submodels, i.e., the displacement results of the refined model was used 
to define the input for the submodels. These models were subjected to a 75-kip horizontal 
load. These loads were applied at point (2) for the RC diaphragm case and at point (1) for 
the two steel diaphragms submodels. 
Table 4.1 presents the RC diaphragm refined element model and the two steel 
diaphragm submodels displacement results for the load cases discussed in the former 
paragraph. The displacements were measured in the same location the 75-kip load was 
applied. 
 
 
 
 
 
Page missing in original volume 
62 
Table 4.1. Displacement results for the refined and submodels. 
Diaphragm type Load location Displacement (in.) 
RC 
Steel channel 
X-braced 
Point 2 
Point 1 
Point 1 
4.4 Experimental - Analytical results comparison 
4.4.1 Vertical displacements 
0.078 
0.224 
0.075 
Only the preliminary finite element models were used for the analytical models when 
vertical loads were applied to the bridge. Figures 4.9 through 4.12 show the relationships 
between the vertical load and the vertical displacement at point (1) for the bridge model with 
different diaphragm types. Also shown in each figure are the experimental results for the 
same conditions. As noticed from the four figures, the finite element analyses predict 
slightly smaller displacements for a given load than the experimental bridge results; i.e., 
stiffer bridge structure than that obtained from the test. This result could have been due to 
excluding the effects of concrete cracking in the finite element modeling. 
Figures 4.13 through 4.16 show similar results when the vertical load was applied at 
point (2) on BM2. The magnitude of the difference in behavior between the finite element 
and the experimental results for the four cases varied from one type of diaphragm to another. 
At a load of 25 kips, the difference between analytical and experimental results varied from 
about 18% for the no diaphragm case to about 29% for the X-braced plus horizontal strut 
diaphragm case. These differences could have resulted from the existence of cracks in the 
experimental bridge deck after the no diaphragm case was tested (Ref. [11]). 
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Figure 4.9. Vertical load vs. vertical displacement for the no diaphragm case. Load 
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Figure 4.10. Vertical load vs. vertical displacement for the RC diaphragm case. Load 
and displacement at point (1) 
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Figure 4.11. Vertical load vs. vertical displacement for the steel channel diaphragm 
case. Load and displacement at point (1) 
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Figure 4.13. Vertical load vs. vertical displacement for the no diaphragm case. Load 
and displacement at point (2) 
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Figure 4.14. Vertical load vs. vertical displacement for the RC diaphragm case. Load 
and displacement at point (2) 
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Figure 4.15. Vertical load vs. Vertical displacement for the steel channel diaphragm 
case. Load and displacement at point (2) 
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Figure 4.16. Vertical load vs. vertical displacement for the X-braced diaphragm case. 
Load and displacement at point (2) 
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4.4.2 Horizontal displacements 
The analytical load versus displacement relationships presented in this section 
resulted either from the preliminary, refined or submodel finite element models. To more 
accurately predict displacements, the refined and the submode! finite element models results 
are presented in specific cases of loading. The refined model of the RC diaphragm case was 
utilized in predicting the horizontal displacements when the 75-kip horizontal load was 
applied at point (2), while the results of the two steel diaphragms submode ls are presented 
when the 75-kip horizontal load was applied at point (1). 
Figures 4.17 through 4.20 illustrate the relationships between the horizontal load and 
the horizontal displacement at point ( 1) for the different diaphragm types. The results 
obtained from analyzing the bridge model with different diaphragm types are shown. The 
shown results were recorded at the location the load was applied. The no diaphragm case 
presented in Fig. 4.17 showed insignificant differences between the results obtained from the 
analytical and experimental models. On the other hand, the differences between the 
analytical and the experimental results were noticeable for the bridge model with different 
types of diaphragms. At a load level of 7 5 kips these differences in the horizontal 
displacement were 11 %, 26%, and 23% for the bridge with RC, steel channel, and X-braced 
diaphragms, respectively. The inaccurate predictions for the displacements could have been 
caused by the size of the finite element mesh used in modeling the bridge structure. Since 
major differences were observed for the two steel diaphragm cases compared to that for the 
RC diaphragm case, the submode ling option was utilized to study the effects of using a finer 
mesh on the results of the two steel diaphragm cases. The submodels were only analyzed for 
a 75-kip horizontal load. As shown in Figs. 4.19 and 4.20, the refining of the finite element 
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Figure 4.20. Horizontal load vs. horizontal displacement for the X-braced diaphragm 
case. Load and displacement at point (1) 
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mesh produced results that were closer to the experimental values. For instance, the 
displacement difference for the steel channel case dropped from 26% to about 10%. 
Figures 4.21 through 4.24 present the horizontal load verses horizontal displacement 
relationships for the analytical and experimental bridge models with different diaphragm 
cases. The load was applied at point (2) and the displacements corresponded to the same 
point. As shown in the Fig. 4.21, the no diaphragm case involved a difference of about 22% 
between the analytical and experimental results when the load was 60 kips. This difference 
was larger than that when point (1) was loaded. The more inaccurate finite element 
predictions might be due to increased concrete cracking of the deck for the experimental 
bridge model, since BM2 was loaded after the loading ofBMl. The X-braced diaphragm 
case showed the best agreement between the analytical and experimental results, where the 
displacement difference was about 15% at load value equal 75 kips. At the same load value, 
the difference in the displacement results of the RC diaphragm case dropped from 31 % to 
about 7% due to the use of the refined model. 
4.4.3 Strain results 
This section presents a comparison between the strain results of the experimental 
bridge model and the analytical finite element model. As previously shown in Fig. 2. 7, the 
strain gages were located at 1 ft away from the mid-span diaphragm location. Two strain 
gages, one on each side of the bottom flange, were used at this location. In addition, the six 
strain gages attached to the bottom flange of the three PC girders were used to measure the 
strain in the longitudinal direction. The strain gages used to measure the strains in the 
diaphragms were shown in Fig. 2.8. The strains induced in the diaphragm located between 
BM 1 and BM2 were used in comparing the experimental and the analytical results, since this 
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Figure 4.21. Horizontal load vs. horizontal displacement for the no diaphragm case. 
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Figure 4.23. Horizontal load v. horizontal displacement for the steel channel 
diaphragm case. Load and displacement at point (2) 
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Figure 4.24. Horizontal load vs. horizontal displacement for the X-braced diaphragm 
case. Load and displacement at point (2) 
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diaphragm was closer to the load point. The strain comparison was conducted for the bridge 
model with the different diaphragm configurations. The model was subjected to a horizontal 
load of 75 kips. Since the presence of intermediate diaphragms showed negligible effect on 
the behavior of the bridge under vertical load, vertical loads were not considered in this strain 
study. 
Table 4.2 present the experimental and analytical girder and diaphragm strains for the 
reinforced concrete diaphragm case for two cases of loading considered in this diaphragm 
type study. In the first load case, the 75 kips horizontal load was applied to the bottom flange 
of the exterior girder point ( 1 ); while in the second load case, the same load was applied to 
the bottom flange of the interior girder point (2). The first column in the table represents the 
bridge member while the second column represents the strain location. The numbers 1,2, and 
3 represents the beam number (see Fig. 2.7). The letters Land R represents left and right, 
respectively, side of the bottom flange where the strains were measured. The diaphragm 
strains presented in this table are the average of the strains on each side of the diaphragm. 
Negative strains are compressive strains, while positive strains are tensile strains. 
The results summarized in table 4.2 demonstrate that some of the PC girder strains 
that were recorded during the test [ 11] did not agree with the finite element results, which 
could be due to the concrete cracking that was neglected in the finite element modeling. 
Because of the relatively minor readings that were taken by the strain gages located away 
from the load location (unloaded beams), it was decided to consider the strain gages that 
were located at the loaded beam only in the comparison. When the load was at point (1) the 
difference recorded on the loaded beam by lL was about 18%, while when the load was at 
point (2) the 2L-strain gage calculated strain difference was about 12%. When the load was 
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Table 4.2. Experimental strain results for the RC diaphragm case. 
Bridge member Location Experimental strains F.E.M. strains 
(Micro-strain) (Micro-strain) 
Point 1 Point 2 Point 1 Point 2 
lR -8.9 3.9 -22.0 11.0 
lL 110.7 21.8 91.0 26.0 
2R -59.0 -42.5 -49.0 -38.0 
PC GIRDER 
2L 12.1 140.2 18.0 124.0 
3R -38.9 -90.6 -48.0 -90.0 
3L 7.8 -7.0 -9.0 -21.0 
DIAPHRAGM -159.9 3.9 -202.0 2.0 
at point (1 ), the difference in the diaphragm strain results was about 21 %, while when the 
load was applied at point (2) the results were relatively small and negligible. 
Table 4.3 presents a comparison between the experimental and analytical strains for 
the steel channel diaphragm case. The strains corresponds to a load of 75 kips applied in the 
horizontal direction at the bottom flange of the exterior PC girder point ( 1 ). Some of the 
diaphragm strain gages in the test recorded a minor and negligible reading [11], therefore 
these strain gages were neglected in the comparison. The first column in the table represents 
the bridge member. The second column represents the strain location (see Figs. 2.7 and 
2.8a). The diaphragm strain location consisted of two characters. The first character is a 
number (1 and 2) that indicates the channel cross section where the strain gage is located. 
The number 1 is for the channel diaphragm section near BMl while number 2 is for the 
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Table 4.3. Strain results for the steel channel diaphragm case. 
Bridge member 
PC GIRDER 
DIAPHRAGM 
Location 
IR 
IL 
2R 
2L 
3R 
3L 
lb 
le 
2b 
2c 
Experimental strains 
(Micro-strain) 
-190.1 
234.1 
-59.0 
67.3 
-24.3 
17.2 
-305.0 
-510.3 
-470.7 
-426.7 
F .E.M. strains 
(Micro-strain) 
-207.0 
318.0 
-80.0 
-7.0 
-14.0 
4.0 
-343.0 
-385.0 
-357.0 
-370.0 
section near BM2. The second character is a letter (a, b, c and d), where each letter 
represents a point on the channel cross section (see Fig. 2.8a). The third and fourth column 
represents the experimental and analytical strains, respectively. Negative strains are 
compressive strains, while positive strains are tensile strains. 
Comparison of the PC girders strain results lead to some differences between the 
analytical and experimental results. These differences were expected due to two reasons. 
The first reason is the concrete cracking that occurred in the web and was neglected in the 
finite element modeling. The second reason is related to the way the lateral load was applied 
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on the experimental and analytical bridges, since the load was applied as pressure in the 
experimental case, while it was applied as concentrated loads (see Fig. 3.15) in the analytical 
case. The difference in the strain results that was calculated for the two strain gages found on 
the two sides ofBMl bottom flange was about 8% and 26% for strain gages IR and IL, 
respectively. 
Examining the strains in the top and bottom flanges of the steel channel revealed that 
strains induced in the flanges were very small compared to that of the web. This was 
expected because of the out-of-plan bending of the steel channel, which reduces the 
compressive strains in the flanges and increase the same type of strains in the web. 
Therefore, the only strain gages presented in the table are that were located at the channel 
web. The maximum difference between the experimental and analytical strain results in the 
channel web was found to be about 25%. 
Table 4.4 presents a comparison between the analytical and experimental strain 
results of the X-braced intermediate diaphragm case. The showed results were due to the 
application of a 75 kips horizontal load at point (1). The shown diaphragm strain gages 
symbols consisted of two characters. The first character is a number (1,2, and 3) (see Fig. 
2.8c) represents which of the three diaphragm members the strain gage was attached. The 
second character was a letter (a and b), where (a) is for the strain gage located on the inside 
face of the channel while (b) is for the strain gage located on the outer side of the channel 
(see Fig. 2.8c). The third and fourth columns represent the experimental and analytical strain 
results, respectively, in micro-strains. 
The PC girders strains results in this diaphragm case show better agreement between 
the experimental and analytical cases. The reason for this improvement in the results was 
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Table 4.4. Strain results for the X-braced diaphragm case. 
Bridge member 
PC GIRDER 
DIAPHRAGM 
Location 
lR 
lL 
2R 
2L 
3R 
3L 
la 
lb 
2a 
2b 
Experimental strains 
(Micro-strain) 
-67.5 
148.7 
-57.6 
32.5 
-43 .7 
17.4 
-230.3 
-256.1 
-219.8 
-248.9 
F.E.M. strains 
(Micro-strain) 
-35.0 
127.0 
-58.0 
41.0 
-69.0 
4.0 
-256.0 
-289.0 
-183.0 
-201.0 
due to two reasons. The first reason was the geometric configuration of the diaphragm, 
which eliminated the effect of the concrete web cracking that was neglected in the analytical 
study. The second reason was the agreement in the way the load was applied in the 
experimental and analytical cases. In both cases, the load was applied as pressure (see Fig. 
3.16). When considering the results of the loaded girders, the strain difference at strain gage 
lL, which is located on the tension side of BMl (loaded beam) was about 15% between the 
experimental and analytical cases. 
78 
The strains in the three steel members show that the lateral load was mainly resisted 
by the horizontal strut (number 1) and the inclined strut that was connected to the bottom 
flange of girder one (number 2). The strains in the third steel channel were very small. The 
maximum difference in the strains of elements number 1 and 2 for the experimental and 
analytical cases was about 20%. 
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5. MODELING OF PROTOTYPE PC GIRDER BRIDGES 
5.1 Introduction 
The finite element guide lines developed in Chapter 3 were used to develop and 
analyze PC girders bridges when the bottom flange of one of the PC girders was subjected to 
a lateral impact force. The analysis was conducted for PC girder bridges with the Iowa 
Department of Transportation (Iowa DOT) reinforced concrete intermediate diaphragm, as 
well as with different steel intermediate diaphragms configurations. The bridge behavior and 
the PC girders strains and deflections using different types of intermediate diaphragms was 
compared for two main reasons. The first reason was to investigate the effectiveness of 
intermediate diaphragms in resisting lateral impacts, and the second reason was to study the 
possibility of using steel intermediate diaphragms with a practical configuration rather than 
concrete diaphragms for PC girder bridges that are struck by an over-height vehicle passing 
under the bridge. 
The effect of degree of skew of a bridge on the response of PC girder bridges to 
lateral impacts was also investigated. For this purpose, two sets of bridge finite element 
models were used in this analysis. The first set consisted of a straight (non-skew) bridge 
models, while the second set consisted of 30-degree skewed bridge models. The same 
diaphragm types were used in each set of models. 
5.2 Bridges selected for the analysis 
Since this analysis was conducted to study the behavior of the PC girder bridges used 
by the Iowa DOT, the shape, dimensions, and material properties for this type of bridges 
were used as a guide in developing the bridge finite element models. Engineering drawings 
for two currently existing bridges in the state of Iowa were obtained from the Iowa DOT. 
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The geometric configurations, dimensions and material properties of each of these two guide 
bridges are presented below. 
5.2.1 Non-skewed bridge 
Figure 5 .1 shows the location of one of the two bridges used in the analysis. The 
bridge was constructed in Marshall County over US Highway No. 30. As shown in the 
figure, the bridge consisted of four spans supported on three intermediate frame type piers 
and two integral abutments. The span of each of the two end spans was 35 ft - 9 in., while 
that of the two inner spans was 96 ft - 6 in. Figure 5 .2 illustrates the cross section of the 
bridge near the abutment, piers and intermediate diaphragms. The bridge deck is 8-in. thick 
supported by five equally spaced prestressed concrete girders. The configuration and 
dimensions of the Iowa Type-D prestressed concrete girder is shown in Fig. 5.3. As noticed 
from Fig. 5 .2, the spacing between the girder centerlines was 6 ft - 9 in. A 3 ft - 1 in. 
overhang was constructed at the edge of the bridge measured from the centerline of the edge 
girder made the out-to-out width of the bridge slab to be equal to 33 ft- 2 in. The roadway 
width was 30 ft. As shown in Fig. 5.1, the bridge was skewed by an angle equal 1 °-19'-1 T', 
which was almost a non-skewed alignment. 
At each of the integral abutments, a reinforced concrete end diaphragm of width equal 
to 3 ft was constructed. Steel bearing plates located underneath each of the five girders. A 
3/4-in. diameter coil rod passed through the bottom flange of each girder and extended into 
the diaphragm. Bent bars passed through the diaphragm and into the 8-in thick deck to 
provide the connection between the end diaphragm and the deck. 
As previously mentioned, three reinforced concrete frame type piers were constructed 
to support the four spans of the bridge. The two piers supporting the two end spans were 
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Figure 5.1. Marshall county bridge (Adapted from the Iowa DOT-Highway Division design details, 
File no.: 27498, Sheet no.: 3) 
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a. Cross section near abutment and fixed pier 
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Figure 5.2. Cross section of Marshall county bridge (Adapted from the Iowa DOT-
Highway Division design details, File no.: 27498, Sheet no.: 8) 
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Figure 5.3. Cross section of Type-D prestressed concrete girder 
constructed as expansion piers, while the intermediate pier supporting the two inner spans 
was constructed as a fixed pier. Figure 5 .4 shows the difference between the expansion and 
fixed piers. As shown in the figure, the expansion pier was constructed such that the PC 
girders and the 2 ft - 2 in. thick RC pier diaphragm were supported by a laminated neoprene 
bearing pads which permits relative displacement between the girders and the expansion pier 
in longitudinal direction of the bridge. The figure also shows a fixed pier where keyways 
were constructed at the top edge of the pile cap. The keyways were fitted with 1-in. thick 
strips of preformed expansion joint fillers around bearings, face of steps, sides and ends of 
the keyways. This technique of constructing the pier minimized relative displacement 
between the girders and the fixed pier in the longitudinal direction of the bridge. The 3/4-in. 
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PART LONGITUDINAL SECTION N~ GUTTER 
a. Cross section 
b. Plan 
. '!°'•xt·-J"' 
C0a.. IQ) 
....,:.____5-1 
Figure 5.4. Diaphragms at the abutments and piers (Adapted from the Iowa 
DOT-Highway Division design details, File no.: 27498, Sheet no.: 9) 
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coil rods were used to connect the pier diaphragms to the PC girders by passing through the 
bottom flange of the girder and extending into the diaphragm. Bent bars that were stirrups 
for the diaphragms passed from the diaphragm into the bridge slab to provide a connection 
between both of them. The reinforced concrete used in constructing the PC girders had 28-
day concrete compressive strength equal to 5000 psi, while that was used in constructing the 
rest of the bridge had 3500 psi concrete strength. 
5.2.2 Skewed bridge 
Figure 5.5 shows the second bridge that was used as a guide in the analysis. The PC 
girder bridge passing over US No. 518 was constructed in Johnson County. The bridge had a 
skew angle equal to 20° -24' -48''. The bridge consisted of four spans. The length of each of 
the two end spans were 45 ft- 9 in., while that of the inner spans were 96 ft- 6 in. The five 
PC girders had the same cross section previously shown in Fig. 5.2. To study the effect of 
skewed geometric configuration of the bridge on the behavior and responses of the bridge to 
lateral forces, similarity in the geometric and material properties were essential. For this 
reason, the deck width, slab thickness and girders spacing were selected to be the same as 
previously discussed in the essentially non-skewed bridge case. 
The same types of abutments and piers discussed in the essentially non-skewed bridge 
were constructed to support the four spans of this bridge. The two RC abutment diaphragms 
had the same thickness as that for the essentially non-skewed case. Two expansion piers and 
one fixed pier were also used for this bridge. The thickness of the RC pier diaphragms was 
equal to 2 ft - 8 in. The same connection between the diaphragms and the bridge deck and 
girders that was previously discussed for the non-skewed bridge case was also provided in 
the skewed bridge case. 
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Figure 5.5. Johnson county bridge (Adapted from the Iowa DOT-Highway Division design details, 
File no.: 26197, Sheet no.: 2) 
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5.3 Finite element modeling of the non-skewed bridge 
This section describes the analytical finite element model developed for the non-
skewed PC girder bridge discussed in section 5.2.1. In order to decrease the degree of 
complexity of the developed finite element models, some modifications were made to the 
original geometric configurations of the bridge. These modifications will be discussed in this 
section. 
5.3.1 Description of the finite element model 
5.3.1.1 Four-span finite element model. The development of the finite element 
model that was used in the analytical study passed through two steps. The first step was 
called the four-span finite element model, while the second step was called one-span finite 
element model. Figure 5.6 shows the four-span finite element model developed for the non-
skewed PC girder bridge. The four spans of the bridge were considered in this model. The 
span lengths were slightly modified from the lengths described in section 5 .2. The exterior 
span length was taken equal to 46 ft, and the interior span length was taken equal to 97 ft. 
The bridge deck and girders were modeled using eight-node brick element (SOLID45 in the 
ANSYS element library). 
The cross section of the bridge model is shown in Fig. 5.6. The bridge cross section 
was developed using 156 nodes. The number of elements used in creating the entire length 
of the bridge model ( deck and girders) was 10,988 solid elements. 
From the dimensions of the roadway and the length of each span, a conclusion was 
made that the over-height vehicle passing beneath the bridge could struck the bridge at one of 
the two interior spans. The possibility of striking the bridge at any of the two exterior spans 
was excluded. A finite element model with finer mesh size at the locations where the impact 
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a. Overall view 
PC girder 
b. Cross section 
Figure 5.6. The four-span finite element model for the non-skewed bridge 
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load could occur was developed. The finer mesh size was used to improve the accuracy of 
the response resulting at these locations. 
Figure 5.7 shows the cross section of the roadway beneath the bridge. As shown in 
the figure, the roadway width was taken as 24 ft for the two lanes and 10 ft for the shoulder 
near the exterior span and 6 ft for the shoulder at the other side of the roadway. The 
intermediate diaphragms were assumed to be located at the center of the road between the 
two adjacent lanes. As shown in the figure, two load locations were initially considered in 
the analysis. The first location was at the diaphragm which was at the mid-length of the 
interior span, and the second location was 16 ft away from mid span towards the center of the 
bridge where the fixed pier was located. Figure 5.8 shows the side view of the bridge model 
at the locations of the hit. As noticed from the figure, the model mesh was refined at the 
location of the impact load by gradual decrease in the element length in the longitudinal 
direction of the model. At the first load location the length of the element was 2 in. At that 
location the aspect ratio (ratio between the longest side and sorter side of the element) was 
equal to 7.625 at the deck, while at the second location of the load the element length was 5 
in., which created an aspect ratio in the deck equal to 3.05. Away from the location of the 
impact load, the length of the solid elements in the longitudinal direction of the bridge was 
taken as 38.8 in., which produced an aspect ration in the deck equal to 5.97. 
Based on the concrete properties discussed in section 5 .2, Young's modulus of the 
concrete differed between the deck and the PC girders. For this particular bridge, Young's 
moduluii of the bridge deck and girders were calculated as 3370 ksi and 4030 ksi, 
respectively. These values were based on the concrete compressive strength used in 
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16 ft Intermediate diaphragm 
RC slab 
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Figure 5.7. Cross section of the roadway passing beneath the bridge 
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a. Mid-span 
Figure S.S. Mesh size at the two main impact locations 
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Centerline of 2nd. Impact location 
I 
i 
1 sjn~ Sia L5i1J.f fol 1 1 
b. 16 ft away from mid-span 
Figure 5.8. Continued 
constructing the deck and the PC girders. The density of the deck and girder concrete was 
taken as 150 lb/ft3. Poisson's ratio for the concrete was taken as 0.18. 
The abutments and its wingwalls were eliminated from the finite element model; 
however, the abutment end diaphragms were considered in the analysis. These two end 
diaphragms were modeled using SHELL63 element in the ANSYS element library [6]. 
Figure 5.9 shows a modeled end diaphragm. As shown in the figure, 150 shell elements were 
used to model a diaphragm. The diaphragms were considered to be integrally connected to 
the bridge. The thickness of the diaphragm elements was taken as 3 ft, and its concrete 
material properties were taken as the properties of the concrete used in the bridge deck. 
For the purpose of simplifying the finite element models without appreciably 
affecting the accuracy of predicted bridges responses, the three piers and their pile caps were 
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End diaphragm PC girder 
Figure 5.9. Cross section of the four-span finite element model at the abutment 
not considered in the analysi s. However, the pier diaphragms shown in Fig. 5.10 were 
modeled using shell elements and were assumed to act integrally with the girder and the 
deck. The thickness of a pier diaphragm was taken as 2 ft - 8 in. 
Based on the description previously discussed in section 5.2, the boundary conditions 
of the b1idge finite element model were selected to match the relative restraints of prototype 
structure. Figure 5.11 shows a sketch of the boundary conditions used for the finite element 
model. As shown the figure, the selected boundary conditions were added to the model at the 
locations of the abutments and piers. Since the main contact between a bridge superstructure 
and substructure is at the girder's bottom flange, boundary conditions were added at the 
lower nodes of each girder's bottom flange. Because of the high stiffness of the abutments in 
the lateral direction (horizontal direction perpendicular to the bridge longitudinal axis) of the 
bridge, translation of the lower nodes of the girder bottom flange in the lateral direction was 
restrained. Roller support conditions were assumed in the longitudinal direction, since there 
was no keyways constructed over the top edge of the abutments. At all the locations where 
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Figure 5.10. Cross section of the four-span finite element model at the piers 
COMBIN14\ 
\ ~-
Longitudinal 
direction 
Abutment Expansion pier Expansion pier 
Figure 5.11. Boundary conditions considered in the analysis of the four-span finite 
element model 
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boundary conditions were considered, the bridge was restrained from displacing in the 
vertical direction. 
Boundary conditions at the location of the two expansion piers provided freedom of 
the bridge to displace in the longitudinal direction because keyways were not constructed at 
the top edge of the pier cap. The boundary condition of the fixed pier did not allow 
longitudinal translation of the PC girders at this location. To reduce the complexity of the 
model, the piers and their pile caps were not considered in the model, however the 
contribution to the lateral stiffness of the bridge structure were considered. This stiffness 
was added to the model using several spring elements (COMBIN14 in the ANSYS element 
library) at each pier location. 
The CO MBINI 4 is a two-node member, which acts as a longitudinal spring with a 
constant stiffness under tension and compression forces. The stiffness of this element is 
constant and does not depend on the element configurations. Each of the element nodes has 
the capability of having one, two or three translation degrees of freedom. The element also 
has the capability of acting as a damper by entering a damping coefficient. In this analysis, 
the CO MBINI 4 was selected to have three translation degrees of freedom in the three global 
(X,Y and Z) directions, without the damping capability. An element was connected to each 
of the IO nodes located at the bottom of the bottom flange of the five girders. The other end 
of each element was connected to a fixed node that was restrained from being displaced in 
any of the three directions. The 10 COMBIN14 elements located at each pier were 
connected to the same fixed point. The stiffness of each of these elements was calculated 
based on the lateral stiffness of the pier frame. In the calculation of the lateral stiffness of 
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each pier frame, the pier cap was considered to be infinitely rigid, while the columns were 
considered as flexible columns. 
5.3.1.2 One-span finite element model. As expected, the analysis of the bridge 
structure using the four-span finite element model required large amount of CPU time. This 
time was expected to be much longer if the same bridge system was analyzed taking into 
account the nonlinear behavior of the contact elements and impact loading. To reduce the 
computation time, the size of the finite element model was reduced by modeling only the 
span of a bridge that experienced the impact load. However, the results obtained from such 
an analysis must be carefully checked to determine the effect of this simplification on the 
accuracy of the results. This check could be accomplished by comparing the results of the 
four-span and one-span finite element models. Figure 5.12 shows the one-span model used 
in the analysis. The number of nodes and elements used in creating that span was the same 
as that was used in the refined span of the four-span model. 
The diaphragms at an expansion piers and at the fixed pier were considered in the 
model. The same modeling techniques and boundary conditions previously discussed in 
section 5 .3 .1.1 were used in developing this model. In the one-span model, the effect of 
continuity of the deck and PC girders were ignored. Boundary conditions were added to 
account for such an effect. This approximation in modeling the bridge was based on Saint 
Venant's principle. However, all the deck and girders nodes located at the two ends of the 
modeled span was restrained from displacing in the vertical direction. The one-span and the 
four-span bridge models were analyzed and the strain and displacement responses were 
compared. Findings of this comparison are discussed in details in the following chapter. 
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....... C.L. of fixed pier 
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Figure 5.12. Overall view of the one-span finite element model 
5.3.2 Intermediate diaphragms 
This section desctibes different types of intermediate diaphragms that were used in 
the theoretical study. One concrete diaphragm and two different configurations of steel 
diaphragms were considered in the analysis. The details of the three types of diaphragms as 
well as the finite element model developed for the study of each diaphragm type are 
discussed. 
5.3.2.1 Reinforced concrete intermediate diaphragm. Figure 5.13 shows the 
details of the standard RC intermediate diaphragm used by Iowa DOT. The 10-in. thick 
diaphragm starts from the underside of the bridge deck and extends down to the upper point 
of the PC girders bottom flange. Because of the construction sequence of a btidge, the 
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Figure 5.13. Iowa DOT reinforced concrete diaphragm (Adapted from the Iowa DOT standard details) 
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diaphragm is poured with the bridge slab after placing the five PC girders. As a result, 
monolithic construction between the bridge girders and the RC diaphragms does not exist. 
Continuity between the diaphragm and the bridge deck is developed using U-shape stirrups 
that extend from the diaphragm into the deck. To form a connection between the bridge 
girders and the RC diaphragms, two 3/4-in diameter steel coil rods are inserted in the web of 
each girder at the location of the diaphragm. The two rods are positioned at the same 
elevation and at a distance equal 4 in. from each other. This distance provided a 3-in. 
clearance between each rod and its adjacent diaphragm edge (see Fig. 5.13). The 1 ft - 3 in. 
length coil rod extended from both sides of the 7-in. width girder web with equal distances 
into the two RC diaphragms. 
Figure 5 .14 shows the finite element model of the RC intermediate diaphragm case. 
The four diaphragms constructed between the five PC girders were modeled at the mid-span 
of the 97-ft length model. 296 nodes were used in modeling each of the four RC diaphragms. 
Solid elements (SOLID45 in the ANSYS element library) that were previously discussed in 
Chapter 3 were used. As shown in Fig. 5 .14, three layers of elements were used across the 
thickness of each girder at the location of the 10-in. thick diaphragm. Each layer of elements 
consisted of 58 SOLID45 elements. The thickness of each layer was selected to match the 
locations of the two 3/4-in. diameter steel coil rods. As a result, the thickness of the two 
exterior element layers was 3 in. , while that of the two interior element layer was 4 in. The 
concrete material properties used in creating the diaphragm model were the same properties 
used with the deck. 
As was previously noted, monolithic construction does not exist between the RC 
diaphragm and the bridge girders. Therefore, common nodes were not used at the boundaries 
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a. Isometric view without the bridge deck 
b. Elevation 
RC diaphragm 
(SOLID45) 
Plate (SOLID45) 
Figure 5.14. Finite element model of the reinforced concrete diaphragm 
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between the diaphragms and the girders. Two set of nodes were used at these member 
surfaces. The first set was for a bridge girder and the second set was for the RC diaphragm. 
This modeling technique provided a complete separation between the girders and the 
diaphragms. This modeling technique was also used at the interface between the deck and 
the diaphragms, even though these members are connected by the U-stirrups. To prevent the 
nodes lying on the interface between the diaphragms and the bridge deck and girders from 
overlapping, a sliding surface-to-surface contact elements (see section 3.7.2) were inserted 
along the common boundaries between the diaphragms and the deck and girders. Since the 
diaphragm had more stiffness in the lateral direction of the bridge than that of the PC girders, 
the diaphragm element was modeled as the target, while the girder elements were modeled as 
the contact. The coefficient of friction between the diaphragm elements and the bridge 
elements was taken as 0.6. 
The steel coil rods that provided a direct connection between the diaphragms and the 
girders were modeled by using 3-D truss links (LINK8 in the ANSYS element library). The 
coil rod passed through the girder web without being connected to any nodes of the web. 
Each node of the LINK8 member was connected to a node on the edge of the diaphragm in 
contact with the side of a girder. Figure 5 .15 shows a sketch for the way the coil rods were 
modeled and connected to the diaphragms. The two nodes on the two adjacent diaphragms, 
where the LINK8 member ends were connected, were located 3 in. above the bottom of the 
web. This technique used in modeling the connection between the diaphragms and the 
girders allowed the pulling force to transferred from the pulled diaphragm to the next pulled 
one through tension force in the coil rod without the influence of the PC girder located 
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Girder nodes 
Coil rods 
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Diaphragm 
nodes 
: I t---+--------- _____ 1, ________ _, 
RC diaphragm 
' ' ' ' ' ' ' ' ' -----------.:-- ----'---I 
Interior PC girder 
a. Interior girder connection 
Contact surface 
Girder nodes 
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Contact 
surface 
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RC diaphragm 
PC girder 
b. Exterior girder connection 
Figure 5.15. Connection between the RC diaphragms and the PC girders 
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between the two diaphragms. This behavior was based on the fact that the contact surface 
does not transfer tension between the two surfaces in contact. 
A similar modeling technique was used to idealize the connection between the 
exterior girder and its adjacent diaphragm. To model this connection, a steel plate that is not 
present in the prototype bridge was attached to the exterior side of the exterior girder at the 
location where the coil rods were inserted through the girder's web. Figure 5.15 shows the 
modeled plate and its location relative to the coil rods. As shown in the figure, the plate 
consisted of six 3-D solid elements (SOLID45 in the ANSYS element library), positioned so 
that two nodes for the plate match two corresponding nodes on the diaphragm edge in contact 
with the girder. The dimension of the plate was taken as 10 x 8.125 x 1 in. To prevent nodes 
overlapping between the plate nodes and the girder nodes, a contact surface was developed 
on the common boundary between both of them. The contact surface was taken as sticking 
to prevent the location change of the coil rods when the bridge is loaded. One end of the 
LINK.8 member was attached to the diaphragm edge in contact with the exterior girder while 
the other end was attached to the steel plate surface in contact with the girder. 
5.3.2.2 Steel X-braced with horizontal strut intermediate diaphragm. Figure 
5.16 shows the geometric configurations of the steel X-braced diaphragm currently used by 
the Iowa DOT, and how it is attached to the PC bridge girders. As shown in the figure, the 
diaphragm consists of two angle-shaped cross bracing and a horizontal strut placed almost 
flush with the bottom at the girder flange. Each member of the X-brace is a 6x4x5/16 steel 
angle. The cross section of the horizontal strut is formed of two steel members attached 
together along the length of the strut. The first member forming the horizontal strut is a WT 
6xl 7.5 positioned to form an inverted T section. The second member is a W 14x34. The 
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two members were fastened together by connecting the WT flange and the W -shape top 
flange with two rows of 3/4-in. diameter high strength bolts at 6-in. center. 
As shown in Fig. 5.16, the iwo angles forming the X-brace and the horizontal strut are 
fastened to the PC girders using a bent plate, which is formed into a 9x6xl/2 angle shape. 
The bent plate has a length of 2 ft- 5 in. and is attached to each side of the girders web. The 
6-in. leg of the L 6x4x5/16 is connected to the 9-in leg of the bent plate with four 3/4-in. 
diameter high strength bolts. As shown in the figure the only connection between the 
horizontal strut and the bent plate is through the WT vertical web. Each end of the WT web 
was connected to the bent plate with four 3/4-in. diameter high strength bolts. The bent plate 
is fastened to the web of a PC girder with three 3/4--in. diameter high strength bolts that are 
positioned along the height of the 7-in. thick web. The three bolts that pass through an 
interior girder connected together the 6-in. legs of the bent plates located on both sides of the 
girder. For the two exterior girders, an exterior plate PL 6x3/8 x 2 ft - 5 in. is clamped to the 
exterior side of the web. The three high strength bolts that are inserted through each exterior 
girder connect the bent plate and the exterior plate. To provide a surface of contact between 
the strut W-shape and the bridge girder bottom flange, a shim plate was bolted to a 3/8-in. 
thick steel plate, which was welded at each end of the W-shape. Figure 5 .16 shows the cross 
section of the strut and the two 3/4-in diameter bolts used in connecting the shim plate and 
the plate welded at the end of the \V-shape. As noticed from the figure, only a portion of the 
shim plate was, in contact with the girder bottom flange. 
Figure 5 .17 shows the finite element model developed for studying the steel X-braced 
with horizontal strut case. The 9x6xl/2 bent plate used in connecting the diaphragm 
members with the bridge girders was modeled using shell element (SHELL63 in the ANSYS 
Steel plate 
(SHELL63) 
Shim plate_/ 
(SHELL63) 
Wl4x34 
(SHELL63) 
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a. Isometric view 
Horizontal strut 
(SHELL63) 
b. Elevation 
Figure 5.17. Finite element model of the X-braced with horizontal strut diaphragm 
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element library). Each of the eight bent plates consisted of 51 nodes and 3 8 shell elements. 
The 6-in leg had 14 elements and the 9-in leg had 24 elements. The two 6x3/8x 2 ft- 5 in. 
exterior plates were modeled using 14 SHELL63 elements. The nodes of the exterior plate 
were created to match the corresponding nodes on the short leg of the bent plate that was in 
contact with the girder web. This matching of nodes was essential for adding the three 3/4-
in. diameter high strength bolts, which were used to connect the bent plate to the PC girder. 
These bolts were modeled using LINK.8 elements that pass through the web of the girder and 
were attached to the 6-in. leg of the bent steel plate. These bolts were the only load transfer 
mechanism between the girders and the bent plates when a tensile force is induced between 
the girder and the bent plate. To prevent the nodes of the bent plate and those of the girder 
web from overlapping, a sticking surface-to-surface contact element was used on the 
common boundary between the two elements. To prevent the change of location of the high 
strength bolts, this contact element also prevented sliding between the girder web and the 6-
in. leg of the bent plate. Since the contact surface was separating two different materials, the 
harder surface, which in this case was the bent steel plate was modeled as the target, while 
the softer surface (RC girder) was taken as the contact. The same contact surface type was 
used between an exterior plate and its adjacent exterior girder. 
Figure 5.18 shows a sketch for the model developed for each of the X-braced 
members. As shown in the figure, the 3D-beam elements (BEAM4 in the ANSYS element 
library) were used to model the members. This type of.an element has 6 degrees of freedom 
at each node: three translations and three rotations. Beam elements were used instead of the 
LINK.8 element to allow the transfer of bending moments between these members and their 
supporting bent plates and vise versa. Two nodes (nodes c and d at Fig. 5.18) were used at 
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Bent plate 
Rigid link 
Figure 5.18. Finite element model of the cross bracing members 
the end of each bracing member. The 3-in distance between the two nodes was the spacing 
between the high strength bolts. Since the bracing members consisted of 6x4x5/l 6 steel 
angles, and eccentricity of 1.168 in. existed between the centerline of the bracing member 
and the bent plate. 
To account for the friction between the bracing member and the bent plate, a direct 
connection (common nodes) were not used for both parts. Nodes a and b shown in Fig. 5.18, 
on the surface of the bent plate matched the nodes located at each end of the bracing 
members. Nodes a and c and nodes b and d were connected by a short rigid BEAM 4 
element. This mechanism was used to transfer forces to the bracing members. 
Node-to-node contact elements (CONT AC52 in the ANSYS element library) were 
used to connect the rigid elements to the bent plate. The CONT AC52 element has three 
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translation degrees of freedom at each node. As a result this element is not capable of 
transferring bending moments between the bracing members and the bent plate. To transfer 
any in plane or out of plane bending moments, the two nodes (nodes c and d at Fig. 5.18) at 
each end of the member will permit the development of a force couple. 
The contact elements at this connection allow a bracing member and its supporting 
bent plate to slide relative to each other and to separate when a tensile force across the 
connection occurs. Formation of gaps between the two elements was restrained by the 
application of a clamping force of 56 kips at each of the rigid elements. The magnitude of 
the force was based on the minimum bolt tension installation force for 4 high strength bolts 
based on the LRFD Specification [3]. The resisting sliding force for the contact element was 
based on the clamping forces and a coefficient of friction of0.33 [3] . 
Figure 5 .19 presents the details of the model deveioped for the horizontal strut 
member. The WT 6xl 7.5 element was modeled using 102 nodes. The web of the WT-shape 
was modeled using 51 shell elements. The elements near the ends of the member were 
arranged to provide four nodes at the exact location of the four high strength bolts that 
clamped the WT web to the bent plate. These four nodes coincided with four corresponding 
nodes on the outstanding leg of the bent plate. Since the WT-shape and the W-shape were 
connected along their flanges with high strength bolts, the two steel members had common 
nodes. Thus, single flange was modeled for both the W-shape and the WT-shape. The 
thickness of this common flange was taken as 0.975 in., which was the sum of the WT and 
W-shape flange thickness. The width of the flange was taken as 6.678 in., in order to obtain 
the same total cross sectional area as that for the two steel flanges. As shown in the figure, 
the common flange had two elements in its transverse direction and 17 elements in its 
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a. Isometric view 
b. Elevation 
Figure 5.19. Finite element model of the horizontal strut 
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longitudinal direction. The web had three elements in the transverse direction and 11 
elements in its longitudinal direction. The bottom flange was formed using 22 elements 
arranged as two elements in the flange's transverse direction and 11 elements in its 
longitudinal direction. 
As previously mentioned in the description of the diaphragm geometrical 
configurations, two end plates were welded at each end of the W-shape that formed part of 
the horizontal strut. A shim plate was connected to an end plate with two 3/4-in diameter 
bolts. In the finite element model, the shim plate and the end plate were modeled as one 
plate with a thickness equal 3/8 in. This combined plate was modeled using 12 nodes, and 
six elements. Since the plate was welded at the end of the W-shape member, the nodes at the 
end section of the W-shape were taken as common nodes between the W-shape member and 
the end plate. The two bottom elements of the end plate were in contact with the elements of 
the adjacent girder' s bottom flange. No common nodes were taken between the bridge girder 
and the end plate. Since this end plate will be active only when there is a compression stress 
between the horizontal strut and its adjacent bottom flange, sliding surface-to-surface contact 
elements were used to model the common surface between the end plate and the girder 
bottom flange. The concrete surface of the bottom flange was taken as the contact, and the 
steel surface of the end plate was modeled as the target. The existence of this contact surface 
allowed the bottom flange to separate from the end plate when a tensile stress is induced at 
the common surface between both of them. And, if the element press against each other, 
overlapping between the two surfaces will not occur. 
Surface-to-surface contact elements were used to model the contact area between the 
bent plate and the web of the WT-shape. These elements allowed relative slippage to occur 
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between the horizontal strut and its supporting bent plate. Since both surfaces in contact 
were made of the same material, the hardness of both of them was considered the same and 
thus no difference would occur if the target and contact were reversed. In this work, the 
outstanding leg of the bent plate was modeled as the target, while the WT-shape's web was 
taken as the contact. The coefficient of friction, which provides the slippage restraints was 
taken as 0.33 [3]. 
To restrain the separation of the two surfaces, four sets of forces were used to clamp 
the two surfaces together. Each force represented the clamping force provided by one fully 
tensioned high strength bolt. Each force set consisted of two, equal in magnitude and 
opposite in direction forces. Each force was acting on one of the two coinciding nodes. One 
node was on the surface of the outstanding leg of the bent plate and the other node was on the 
web of the WT-shape. The magnitude of each force was taken as 28 kips. The direction of 
the two forces forming each set was selected to force the two surfaces in contact to be under 
compression. 
5.3.2.3 Steel K-braced with horizontal strut intermediate diaphragm. The third 
intermediate diaphragm type considered in this work was the steel K-braced with horizontal 
strut intermediate diaphragm shown in Fig. 5.20. The diaphragm was formed from the same 
steel parts used to form the steel X-braced with horizontal strut intermediate diaphragm. As 
shown in the figure, the only difference between this type of diaphragm and the X-braced 
diaphragm was in the diagonal members. One leg of each of the diagonal members of the K-
shape was clamped to the 9x6xl/2x 2 ft - 5 in. bent plate using four 3/4-in. diameter high 
strength bolts, and the other member end was fastened to the steel horizontal strut at the steel 
gusset plate. The required gusset plate dimensions are a function of the spacing between the 
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PC girders and the girder depth. The connection between the gusset plate and the horizontal 
strut was formed by welding the gusset plate at one side of the WT-shape web. To provide 
symmetry for the K-brace, the gusset plate was attached to the mid-length of the horizontal 
strut. The connection used between the end of a diagonal member and the gusset plate was 
the same as that used at the other end of the member. 
The finite element model developed to study the steel K-braced diaphragm with 
horizontal strut is shown in Fig. 5.21. Essentially the same bridge model that was used for 
the X-braced diaphragm was used for this diaphragm case. The dimensions of the gusset 
plate were assumed to be 18x7.75xl/2 in. The plate was modeled using 15 SHELL63 
elements. The plane of the gusset plate was assumed to be the same plane as that for the 
WT-shape web. To connect the gusset plate with the web of the WT-shape, the four bottom 
nodes of the plate were common nodes between the plate and the web of the WT-shape. 
5.3.3. Load cases 
The load considered in this study was a lateral impact load applied to the bottom 
flanges of the bridge PC girders. This load was used to simulate a hit of an over-height 
vehicle passing underneath the bridge. Among the factors that could influence the 
characteristics of the impact load are the mass of the truck, the speed of the truck, the 
geometric configuration and the rigidity of the object striking the bridge. The mass and 
speed of the truck are the two factors that have a significant effect in describing the impact 
load magnitude. The effect of each of these factors on the magnitude of the impact force is 
beyond the scope of this work. 
Since the main objective of this work was to compare the response of a bridge with 
different types of intermediate diaphragms under the same loading, a precise force function 
PC girder 
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Figure 5.21. Finite element model of the K-braced with horizontal strut diaphragm 
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for an impact did not need to be defined. Based on this argument, a constant magnitude for 
an impact load that was applied over a short period of time was used for all bridge models. 
The impact load was applied at one of five locations. Load position 1 and 2 were at the 
intermediate diaphragm location; i.e., at the mid-span girders BMl or BM5, respectively (see 
Fig. 5 .22). Load positions 3 and 4 were applied 16 ft away from the intermediate diaphragm 
location. As this work progressed, a decision was made to apply the load at a load position 5 
that was 4 ft away from the intermediate diaphragm location. This fifth load location was 
considered to investigate the efficiency of diaphragms on reducing the girders damage when 
the load was applied close to but not at the diaphragm location. 
One of the scenarios that may take place when an over-height vehicle strikes a bridge 
is as follows: First, the over-height object will hit BMl, then because of the suspension 
system of the vehicle, which causes the vehicle to rotate in a vertical plane, the object 
displaces downwards and then rebounds upwards hitting some or all of the other girders at 
.. 
Deck _/ 
16 ft r PC girder 
(4) G) I 
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Figure 5.22. Load locations 
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either the flange or somewhere in the web. Multiple girder impacts were not included in this 
study because the reduction in the impact force magnitude resulting from the reduction of the 
speed of the vehicle after the first hit is unknown. In this work, a single impact load was 
applied on BMl or on BM5 (see Fig. 5.22), since these loading conditions were expected to 
induce the most severe responses. When the object strikes BMl, this girder will move 
toward the bridge centerline. That movement will induce compression at the interface 
between the diaphragm and the PC girder. When the object strikes BM5 the girder will 
displace away from the bridge centerline inducing tensile force at the interface between the 
diaphragm and the PC girder. The maximum magnitude of the load was selected such that 
the maximum principal tensile strain induced in the impacted PC girder for the bridge models 
would not appreciably exceed the modulus of rapture of concrete for the girder. Two load 
magnitudes were selected. The first load magnitude of 120 kips was for the load that was 
applied on a PC girder at the intermediate diaphragm location on either BMl or BM5. The 
second load magnitude of 60 kips for the load that was applied on a PC girder at a point not 
at a diaphragm location. To establish a reasonable duration time to be used in the analysis, a 
literature search was conducted [ 1, 7, 8, 15 and 1 7]. Most of the existing literature contains 
data on the collision time. Most of the resulting data was in the range of0.05-0.15 sec. [1, 7, 
8, 15 and 17]. A duration time of 0.1 sec. was selected for all impact loads used in this study. 
Figure 5 .23 illustrates the dynamic loads characteristics for the load applied at the 
intermediate diaphragm location and not at an intermediate diaphragm location. 
As shown in Fig. 5.24, these loads were applied to the model as a pressure loading 
over the shaded area. This type of load application was selected to minimize the high-stress 
concentration. The dimensions of the loaded area were 10 in. along the length of a girder and 
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Figure 5.23. Dynamic loads 
8 in. in the vertical direction. As shown in the figure, the loaded area contained four 
elements in the longitudinal direction of the girder when the load was applied at the midspan, 
two elements when the load was applied 16 ft away from the midspan, and one element when 
the load was applied 4 ft away from midspan. 
5.4 Finite element model of the skewed bridge 
A skewed bridge was analyzed to study the effect of bridge skew on the response and 
behavior of the s.tructure when different intermediate diaphragm types were used. A bridge 
with a 30-degree skew angle was considered in this work. This section describes the finite 
element models developed for the skewed bridge and the cases of loading considered in this 
theoretical study. Figure 5 .25 gives a schematic plan view of the skewed bridge and the 
location of the intermediate diaphragms. 
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Figure 5.25. Arrangement of intermediate diaphragms in the skewed bridge 
5.4.1 Model description 
Figure 5 .26 shows the finite element model developed to study the 30-degree skewed 
bridge. Only the impacted internal span was modeled for the analysis. The reason for 
modeling only one span rather than the complete bridge structure was discussed in section 
5.3.1.2. The boundary conditions used in conjunction with the skewed bridge were similar to 
those used in analyzing the non-skewed bridge, except for the direction of the spring 
elements located at each end of the studied span. As mentioned in section 5.3.1.1, these 
spring elements were used to model the lateral stiffness of the piers supporting the bridge 
span. In the non-skewed bridge model these elements were modeled in a direction parallel to 
the piers, i.e. perpendicular to the longitudinal direction of the bridge. In the skewed bridge, 
the piers were modeled parallel to the road passing underneath the bridge, thus there was a 60 
degree angle between the pier direction and the longitudinal direction of the bridge. As a 
result, the springs located at each end of the model were rotated in order to be parallel to the 
end-span diaphragms. 
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Figure 5.26. Finite element model of the skewed bridge 
5.4.2 Intermediate diaphragms 
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Figures 5.27 , 5.28 and 5.29 show the skewed b1idge finite element models for the RC, 
X-braced with horizontal strut and K-braced with horizontal strut intermediate diaphragms, 
respectively. In order to show the diaphragm locations relative to each other, the deck of the 
b1idge was omitted from the figures. As a result of the 30-degree skew angle the requirement 
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Figure 5.27. Finite element model of the reinforced concrete diaphragm in the skewed 
bridge 
Figure 5.28. Finite element model of the X-braced diaphragm in the skewed bridge 
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Figure 5.29. Finite element model of the K-braced diaphragm in the skewed bridge 
to keep the intermediate diaphragms in the middle of a girder span, diaphragms were not in 
alignment (see Fig. 5.25). A distance of 3 ft - 11 in. in the longitudinal direction of the 
model was the spacing between two adjacent intermediate diaphragms. This distance was 
based on the spacing between the PC girders and the magnitude of the skew angle. 
Figure 5.15 showed the modeling technique discussed in section 5.3.2.1 that was used 
to connect the RC intermediate diaphragms with the bridge girders. Since the inte1mediate 
diaphragms do not align, the technique used to make the connection between a diaphragm 
and an exterior girder was used to connect the diaphragms with the interior girders. Also, the 
offset diaphragms affected the connections of the intermediate diaphragms with the interior 
PC girders in the X-braced and K-braced cases. The modeling technique discussed in section 
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5.3.2.2 to connect the bent plate to the PC girder was not applicable. Instead, the approach 
used to idealize the connection between the exterior girder and the diaphragm was used. 
5.4.3 Load cases 
The loads applied to the skewed bridge model were static loads rather than dynamic 
loads. The decision of conducting a static-load analysis instead of dynamic-load analysis for 
the skewed bridge was taken after evaluating a dynamic load factor (DLF) for several cases 
of the non-skewed bridge model. This was accomplished by analyzing all of the non-skewed 
bridge model for both static and dynamic loads. As expected, the results of the dynamic 
loading showed higher principal strains and deflections than the static loading. The DLF, 
which is the ratio between the extreme principal tensile strains due to dynamic and static 
loads was in the range of 1.15 - 1.2. Essentially the same DLF was noticed in almost all the 
studied diaphragm cases. The consistency in the DLF value for the different diaphragm 
cases was assumed to be also for a skewed bridge. 
The load locations considered in the study of the skewed bridge model are shown in 
Fig. 5.30. The applied load was modeled in a direction parallel to the direction of the 
roadway passing underneath the bridge, i.e. with an angle of 60 degrees between the load and 
the longitudinal axis of the bridge. The load was resolved into components that were 
perpendicular to the longitudinal axis of the bridge and parallel to that axis. The load was 
applied as a pressure load with the same magnitudes that were formerly discussed in section 
5.3.3. 
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6. ANALYSIS RES UL TS 
6.1 Introduction 
This chapter presents the results of the analytical study conducted in this research. 
The results presented in this chapter were based on the finite element theoretical analysis 
conducted using ANSYS5 .5. The description of the finite element models used in the 
analysis was discussed in chapter 5. In this chapter the principal strain and displacement 
results are presented for the non-skewed and skewed-bridge models. Since this research is 
focusing on minimizing the damage to the bridge girders when the bridge is hit by an over-
height vehicle, the author decided to concentrate the analysis on the response of the PC 
girders results. Therefore, no analytical results for the bridge deck will be presented in this 
chapter. The chapter will begin with a comparison between the results of the four-span and 
one-span finite element models described in the preceding chapter. After that, the results for 
each of the three diaphragm type cases will be presented separately and then a simultaneous 
comparison will be made between the results of the three diaphragm types. 
6.2 Four-span and one-span finite element models results 
In this study, the 120-kip lateral impact load with duration time of0.1 sec. was 
applied at the mid-span of BM 1. The principal tensile strains in the loaded girder of the four-
span model and the one-span model are presented in Fig. 6.1. The strains were at the top 
fibers of the web at the cross section where the load was applied. This location is were the 
highest principal tensile strains were induced in the loaded girder. The figure shows an 
essential match in the strain behavior over time for the two finite element models with about 
15% maximum difference in the response magnitudes. The author considered this difference 
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Figure 6.1. Maximum principal tensile strain vs. time for the four-span and one-span 
models 
to be acceptable, since the simplification of the finite element analysis to investigate one span 
instead of four spans did not affect the overall behavior of the strain response. 
The horizontal displacement results presented in Fig. 6.2 and calculated at the bottom 
flange of the loaded girder at the location of the load show a significant agreement in the 
behavior and magnitude of the two cases. These displacement results were the maximum 
responses induced in the loaded girder. As result of studying the comparison presented in 
Figs. 6.1 and 6.2, the author decided to conduct the rest of the research utilizing the one-span 
finite element model. 
6.3. Non-skewed bridge model results 
This section presents the principal strains and displacements for the PC girders of the 
non-skewed bridge models for each diaphragm case. At the end of this section the results of 
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Figure 6.2. Horizontal displacement vs. time for the four-span and one-span models. 
Load at BMl mid-span 
the non-skewed bridge will be presented when the load was applied 4 ft away from the mid-
span. The load applied in the analysis and the applied load locations considered were 
presented in section 5.3.3 . 
6.3.1 Strain results 
In order to measure the amount of damage occurring in the bridge girders after being 
hit by an over-height vehicle, the author decided to use the principal tensile strain results in 
the bridge girders as a tool for this purpose. As a result, no stress results are presented in this 
chapter because the strains showed a more accurate representation of the structural response. 
The reason for choosing the tensile strains instead of the compressive strains was that most of 
the damage occurring in the bridge girders is believed to be caused by excessive tensile 
strains that exceeded the modulus of rupture of concrete. All the principal tensile strains that 
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are presented in this chapter are the maximum values occurred along each girder. The 
maximum principal tensile strain was found to be at the same location for all the diaphragm 
cases when the load was at mid-span. This location was at the bottom flange of each girder 
at the cross section where the diaphragms were located. This maximum strain location was 
the same for the unloaded beams when the load was 16 ft away from the mid-span. But for 
the loaded beam the maximum principal strains occurred at the cross section where the load 
was applied at the top fibers of the web. Although the load was applied directly to the girder 
bottom flange, the maximum response was found to be at the top of the web. This behavior 
was due to the flexibility of the girder's web in the plane of the girder's cross section. This 
flexibility was restrained at the mid-span section by the intermediate diaphragm that was in 
contact with the girder's web. The absence of this restrain away from the diaphragm location 
allowed the top of the web to experience high bending moment acting in the plane of the 
girder cross section. This moment was added to the out of plane moment acting on the girder 
due to the loading and thus the resultant tensile principal strains at the top of the web were 
higher than that at the bottom flange. On the other hand for the no diaphragm case, the 
maximum principal tensile strains always occurred at the cross section where the load was 
applied at the top fibers of the girder web. 
6.3.1.1 Reinforced concrete intermediate diaphragms. Figure 6.3 shows the 
maximum principal tensile strains for the five PC girders for the RC intermediate diaphragm 
case. As shown in the figure, the impact load was located at the mid-span ofBMl. The 
response of the girders was recorded for 0.03 seconds after the load has been removed. The 
figure shows a significant difference in the strains between the loaded girder (BMI) and the 
rest of the PC girders. As may be noticed from the figure the maximum principal tensile 
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Figure 6.3. Maximum principal tensile strain vs. time for the RC diaphragm case. 
Load at BMl mid-span 
strain induced in each girder had its peak value induces at sequential time values. This 
behavior was expected due to the time necessary for the load to transfer from the impacted 
girder to the next girder and so on until reaching BM5. The figure also illustrates that the 
maximum principal tensile strain induced in BM 1 was equal to 223 micro-strains, and the 
strain occurred at time 0.069 sec. After the load w_as removed at 0.1 sec., a clearly noticeable 
drop in the strain ofBMl was recorded. As was expected, the response of the girders closer 
to the hit location (BM 1) was higher than that for those girders further away from the 
impacted girder. 
Figure 6.4 shows the maximum principal tensile strain distribution along the girder 
that experienced the hit. The distribution shown is for the same case of loading described in 
the preceding paragraph. As shown in the figure, only one half of the beam was considered 
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Figure 6.4. Maximum principal tensile strain distribution along portion of BMl for the 
RC diaphragm case. Load at BMl mid-span 
in the study because of the symmetry of the model and loading. The strains shown 
correspond to the time where the maximum response of BMI was predicted at 0.069 sec. 
after the time of the start of the impact. The maximum principal tensile strain of 223 micro-
strain was predicted at the mid-span then the magnitude rapidly diminished until it reached 
about 50% of its maximum value 10 in. away from the girder mid-span. The strain continued 
to decrease until it reached about 20% of its maximum value 40 in. away from the mid-span. 
This behavior shows that the RC intermediate diaphragm absorbs a significant amount of the 
energy induced by the hit and thus the effect of the hit was localized at the region of the 
diaphragm. 
Figure 6.5 presents the maximum principal tensile strains that were predicted for the 
five PC girders for the RC intermediate diaphragm case. The load considered in this figure 
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Figure 6.5. Maximum principal tensile strain vs. time for the RC diaphragm case 
Load at BM5 mid-span 
was applied at the mid-span ofBM5. The load was applied on the inside face of the bottom 
flange. The loaded girder experienced the highest response at time of 0.015 sec., and the 
value of the strain was equal to 148 micro-strains. A comparison between this strain value 
and the highest value predicted for the maximum principal tensile strains ofBMl for the case 
shown in Fig. 6.3, revealed that the case shown in Fig 6.3 had a higher strain value. This 
difference in the behavior between the two loading cases was expected to be caused by the 
geometry of the connection ( shown in Fig. 5 .15) between each of the exterior PC girders and 
the intermediate diaphragm. When BM 1 was loaded on the exterior face of the bottom 
flange, the impact load induced a compressive force between the loaded girder and its 
adjacent diaphragm. A force was transferred between the girder and the diaphragm by 
bearing along a portion of the depth of the diaphragm. The force in the coil rods that 
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connected these members was almost zero. On the other hand, when the load was applied on 
the interior face ofBM5, it forced the girder to move away from the diaphragm. The coil 
rods were the only source of connection between the loaded girder and its adjacent 
diaphragm. As a result, a tensile force was induced in the two coil rods to resist the 
separation of the girder and the diaphragm. This force induced strains in the loaded girder 
bottom flange opposite in direction to the strains induced by the applied load. The same type 
of strains are induced in the case when BM 1 is loaded due to the pressure induced on the 
interface between the girder and the diaphragm. Due to the location of the coil rods, which 
was close to the girder bottom flange, the opposite strains induced in BM5 case are higher 
than those were induced in BM 1. This lead to smaller resultant strains in the case when BM5 
was loaded than the resultant strains induced from the loading of BMl. As seen in Fig. 6.5, 
the four PC girders (BM1-BM4) had a response close to each other. After about 0.03 sec., 
BMl started to experience higher principal strains than the other unloaded beams. This 
behavior was due to the way the load was transferred to each of the unloaded girders. When 
BM5 was loaded, a tension force was induced in the coil rods connecting the diaphragms to 
the girders. This tension force caused all the diaphragms to displace towards BM5. Thus, a 
contact pressure was induced on the interface between the diaphragms and the interior 
girders since the coil rods were not attached to the girders. This behavior was not possible 
for BMl since there was no diaphragm on the free side of the girder and only a small load 
plate was used at the coil rod location. Thus, the force transferred to BMl through the coil 
rods as a concentrated load. The location ofBMl, which was far from the applied load, 
caused the 0.03-sec. delay in the response ofBMl reaching its maximum value. 
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Figure 6.6 shows the distribution of the maximum principal tensile strains along 
BM5. The case of loading considered in this figure was the same as that discussed in the 
previous paragraph. The shown results were recorded at time 0.015 sec. where the highest 
response took place at the mid-span ofBM5. Due to the symmetry of the bridge about its 
mid-span, the distribution of the strains for one half of the bridge is only shown. As shown 
in the figure, the maximum strain was at the mid-span and it was equal to 148 micro-strain. 
The strain then started to drop until it reached about 15% of its maximum value 20 in. away 
from the mid-span. A small difference was observed between this behavior and, which was 
discussed in Fig. 6.4. In the behavior shown in Fig. 6.4, a sudden drop was noticed after a 
small distance from the mid-span. On the other hand, the strain response was decreasing 
gradually in Fig. 6.6. This difference in the behavior was expected due to the difference in 
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the method the load was resisted by the diaphragm in each case. In the case where the load 
was applied on BMl, a contact pressure that was induced on the interface between the 
impacted girder and the diaphragm resisted the load, while when BM5 was loaded, the 
concentrated loads that were induced in the coil rods provided the resistance. 
Figure 6. 7 presents the maximum principal tensile strains induced in the five PC 
girders for the RC intermediate diaphragm case, when the impact load was applied 16 ft 
away from the mid-span of BM 1. As shown in the figure, girder BM 1 was the main girder 
affected by the applied load and this was expected since the load was applied away from the 
diaphragm location. A delay was also observed in the response of the unloaded girders 
because of the time required for the load to be transferred from the impacted girder through 
the diaphragms to the rest of the girders. As noticed from the figure the response of the five 
girders characterized by having more vibration amplitude than the case shown in Fig. 6.3 
when the load was applied at the mid-span of BMl. This behavior was expected due to the 
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absence of the diaphragms at the location of the hit. The maximum tensile principal strain 
recorded for BMl was 323 micro-strains, and it was recorded after 0.02 sec. of applying the 
load. 
The maximum principal tensile strain for each of the four unloaded girders was at the 
bottom flange of each of them at the intermediate diaphragm location. Girder BM2 was the 
most affected unloaded girder by the hit. The maximum strain induced in BM2 was about 
20% of that induced in the loaded girder. The rest of the unloaded girders almost 
experienced the same behavior. The maximum strains in BM3-BM5 were smaller than that 
inBM2. 
Figure 6.8 shows the maximum principal tensile strain response of the five PC girders 
in the case of the RC intermediate diaphragm when the load was applied 16 ft away from the 
mid-span ofBM5. The behavior shown in the figure is similar to that shown in Fig. 6.7. 
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when the same load was applied to BMl. After 0.02 sec. of applying the load, the strain of 
BM5 reached its maximum value, which was 325 micro-strains. The maximum strain 
response reached by each of the unloaded four girders was so close and relatively small 
compared to that of BM5. 
6.3.1.2 Steel X-braced with horizontal strut intermediate diaphragms. Figure 
6.9 shows the maximum principal tensile strains in the five PC girders in the case of steel X-
braced intermediate diaphragm. The load was applied at the mid-span of BM 1. As shown in 
the figure, BMl experienced the highest principal tensile strain. This strain was 341 micro-
strains, and it was induced after 0.09 sec. of applying the load. The strain in BMl decreased 
after the removal of the load at time 0.1 sec. The highest strain experienced by BM2 was 159 
micro-strains while that of BM3 was 84 micro-strains. The strains in BM4 and BM5 were 
relatively small, which shows that most of the load was resisted by the first three girders. 
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Figure 6.10 presents the maximum principal tensile strain distribution along a portion 
of BM 1. The load was the same case as that discussed in the former paragraph. Because of 
the symmetry of the model with the load applied at mid-span, only the distribution of the 
strain response along a portion of half the length ofBMl is shown. The presented results 
were at time 0.9 sec. when the strains ofBMl reached their highest value. As shown in the 
figure, the maximum strain of value 341 micro-strains took place at the mid-span of the 
girder. The strain gradually decreased then started to decrease gradually away from mid-
span. The last strains calculated were 40-in. away from the mid-span, and at that location the 
strains reached about 3 8% of its maximum value. 
Figure 6.11 shows the maximum principal tensile strains for the five PC girders in the 
X-braced intermediate diaphragm case. The load considered in the figure was applied at the 
mid-span of BM5. BM5 experienced slightly higher strains than its adjacent girder BM4. 
The maximum principal tensile strain in BM5 reached 264 micro-strains at a time of 0.03 
sec., while that ofBM4 was 224 micro-strains at a time of 0.04 sec. The 15% difference 
between the maximum strain values for BM5 and BM4 was considered to be small compared 
to the comparable results for the RC intermediate diaphragm shown in Fig. 6.5 for the same 
loading, which shows about a 7 4 % difference. The author contributed this difference in 
behavior between the RC and the steel X-braced intermediate diaphragm cases to the 
geometrical configuration of each diaphragm type. Since the maximum strains were induced 
at the bottom flange of each girder, the X-braced diaphragm was more likely to produce more 
strain in the bottom flange of the girder adjacent to the loaded girder because of the existence 
of the horizontal strut. As discussed in chapter 5, this horizontal strut was in contact with the 
girder bottom flange through a shim steel plate. This type of connection allowed the strut to 
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separate from the bottom flange when subjected to tensile (pulling) force, and to press on the 
flange when subjected to compression force. When the load was applied on the inner face of 
BM5 's bottom flange at the mid-span section, a gap was formed between the horizontal strut 
located between BM4 and BM5 and the bottom flanges of each of the two girders. Thus, no 
force was transferred directly from this strut to the bottom flange ofBM4. A force was 
transferred to BM4 mainly through the three high-strength bolts located in the web of BM4. 
Since this force was a pulling force, it pulled the diaphragm located between BM4 and BM3 
forcing it to displace towards BM4 inducing contact pressure between the strut of this 
diaphragm and the bottom flange of BM4. This contact pressure induced additional strains in 
BM4's bottom flange. This behavior would not occur with the RC diaphragm case because 
of the absence of the horizontal strut. 
Figure 6.12 presents the distribution of the maximum principal tensile strain along a 
portion ofBM5 at the vicinity of the load. The load case considered in this figure was the 
same case discussed in Fig 6.11. Because of the symmetry of the bridge and with the load 
applied at the mid-span, the only distribution along one half of a portion of the girder length 
is shown. The girder strains were induced after 0.03 sec. of the time since the load was 
applied. This was the time where the principal tensile strain for BM5 reached its maximum 
value of 264 micro-strains. The maximum value was found to be at the vicinity of the 
diaphragm location but not at the mid-span because of the unsymmetry of the connection 
between the X-braced diaphragm and the bridge girder. The strain then was gradually 
decreased away from the diaphragm. 
The maximum principal tensile strains in the five PC girders for the steel X-braced 
intermediate diaphragm case is shown in Fig. 6.13. The load considered in the figure was 
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Figure 6.12. Maximum principal tensile strain distribution along portion of BMS for 
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applied 16 ft away from the mid-span of BM I. As shown in the figure, BMl resisted most of 
the impact load and the unloaded girders experienced minimal strains. The maximum 
principal tensile strain at BMl reached its maximum value of 327 micro-strains at a time of 
0.02 sec., while the average maximum strain for the unloaded four girders was about 40 
micro-strains. 
Figure 6.14 shows the maximum principal tensile strain response of the five PC 
girders in the case of the steel X-braced intermediate diaphragm. The load considered in this 
figure was applied 16 ft away from the mid-span ofBM5. As shown in the figure, essentially 
the same behavior shown for the RC diaphragm case was noticed in this case with minor 
differences in the maximum strain values. Girder BM5 resisted the majority of the impact. 
The principal tensile strains in BM5 reached about 330 micro-strains at a time of 0.02 sec. 
The rest of the girders had an average maximum strain of value of about 45 micro-strains. 
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6.3.1.3 Steel K-braced with horizontal strut intermediate diaphragms. Figure 
6.15 shows the maximum principal tensile strains response of the five PC girders in the case 
of the K-braced intermediate diaphragm. The load considered in the figure was applied at the 
mid-span section of BMl. A comparison of this figure with Fig. 6.9, where the X-braced 
diaphragm case was studied under the same case of loading, reveals that the behavior of the 
bridge in both cases was close. Despite this agreement in the behavior of the two diaphragm 
cases, a difference in the maximum magnitude of the strains was observed. A complete 
comparison of the maximum principal tensile strain for the two structural steel diaphragm 
cases and the RC case is discussed in section 6.3.3. The highest strain reached by BMl was 
equal to 317 micro-strains and was recorded at a time of 0.09 sec., while that was reached by 
BM2 and BM3 was 111 micro-strains and 63 micro-strains, respectively, at times of 0.11 sec. 
and 0.05 sec., respectively. 
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Figure 6.15. Maximum principal tensile strain vs. time for the K-braced diaphragm 
case. Load at BMl mid-span 
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Figure 6.16 shows the distribution of the maximum principal tensile strain along a 
portion of BM 1 at the vicinity of the hit for the K-braced diaphragm case. The load case 
associated with this figure was the same as that discussed for Fig 6.15. The strain 
distribution shown corresponds to a time of 0.09 sec. As shown in the figure, the maximum 
strain value of value 317 micro-strains was at the mid-span section of the girder. The strains 
gradually decreased away from the load location. At a distance of 40 in. from the impact 
location, the strain was about 37% of its maximum value. This gradual distribution of the 
strain was also noticed in the X-braced case in Fig. 6.10. 
Figure 6.17 presents the maximum principal tensile strains in the five PC girders in 
the case of the steel K-braced intermediate diaphragm. The load associated with this figure 
was applied at the mid-span ofBM5. By comparing this figure with Fig. 6.11, a similarity in 
the behavior presented in the two figures is noticed. Although there was similarity in the 
behavior of the two steel diaphragm cases, a difference in the maximum strain magnitudes 
was noticed. The highest tensile principal strain reached by BM5 was equal to 205 micro-
strains, and was recorded at a time of 0.025 sec. Girder BM4, which was also highly affected 
by the hit, experienced a maximum strain of 194 micro-strains at a time of 0.04 sec. Girder 
BM3 showed an average participation in resisting the applied hit where its maximum strains 
reached about 50% ofBM5's highest strains. 
Figure 6.18 shows the distribution of the maximum principal tensile strains along 
BM5 at the vicinity of the hit in the case of the K-braced intermediate diaphragm. The load 
associated with this figure was the same as that for Fig. 6.17. The presented results were at a 
time of 0.025 sec. This was the time where BM5 experienced its highest tensile principal 
strain. No difference was noticed between the behavior shown in this figure and that was 
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Figure 6.16. Maximum principal tensile strain distribution along portion of BMl for 
the K-braced diaphragm case. Load at BMl mid-span 
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Figure 6.18. Maximum principal tensile strain distribution along portion of BMS for 
the K-braced diaphragm case. Load at BM5 mid-span 
presented in Fig. 6.12 for the X-braced diaphragm case. As shown in Fig. 6.18, the strains 
reached its maximum value of at the vicinity of the diaphragm location but not at the mid-
span because of the unsymmetry of the diaphragm-girder connection. The strains gradually 
decreased away from the mid-span. The maximum principal tensile strain was about 28% of 
its maximum value 40 in. away from the hit location. 
Shown in Figs. 6.19 and 6.20 are the tensile principal strain response for the five PC 
girders in the case of the K-braced diaphragm. The loads considered in the figures were 
applied 16 ft away from the mid-span ofBMl and BM5, respectively. By comparing these 
two figures with Figs. 6.13 and 6.14 for the X-braced diaphragm case, a similar behavior was 
observed for the two diaphragm cases. The essentially same maximum strain was induced in 
the loaded girder for each of the two steel diaphragm cases. This illustrates that the two 
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Figure 6.19. Maximum principal tensile strain vs. time for the K-braced diaphragm 
case. Load at 16 ft away from BMl mid-span 
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diaphragms provide the loaded girder with the same degree of damage protection when the 
load is applied away from the diaphragm location. 
6.3.2 Displacement results 
This section presents the horizontal displacement results for the loaded and unloaded 
bridge PC girders under various cases of loading. The displacement results are presented for 
each diaphragm type case separately and a comparison between the results of different 
diaphragm cases is presented in section 6.3 .3. All the displacements that are presented in this 
chapter are the maximum displacements calculated along each beam. The location where 
these maximum displacements occurred varied depending on the case of loading. For all the 
diaphragm cases in addition to the no diaphragm case, this location was at the bottom flange 
at the cross section where the diaphragms are located when the load was at the mid-span. 
When the load was moved away from the diaphragm, the unloaded girders experienced the 
maximum displacement at the same location previously discussed, but the maximum 
displacement of the loaded girder was at the bottom flange at the location of the load. 
Figures 6.21, 6.22 and 6.23 show the horizontal displacements of the five PC girders 
for the RC, X-braced and K-braced intermediate diaphragm cases, respectively. The load 
considered in the figures was applied at the mid-span of BMl. As shown in the figures, the 
displacement of each girder gradually increased during the duration time of the load. After 
the load was removed at time 0.1 sec., the loaded girder displacement started to gradually 
decrease. For the three diaphragm cases shown in the figures, the response of the loaded 
girder (BM 1) was the highest, and the responses of the unloaded girders were in an order 
depending on the location of each girder relative to the loaded beam. The closer the 
unloaded girder was to the loaded girder, the more displacement it experienced. 
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Figure 6.21. Horizontal displacement vs. time for the RC diaphragm case. Load 
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Load at BMl mid-span 
As shown in Fig. 6.21, the maximum horizontal displacement ofBMl for the RC 
diaphragm case was equal to 0.222 in. while that ofBM5 was 0.164 in. The difference 
between these two girder displacements, which is about 25%, was relatively small. This 
small difference was caused by the high axial rigidity of the RC diaphragms. Although this 
high rigidity affected the girders displacements forcing them to have a close displacement 
response, large difference in the strain response was noticed (see Fig. 6.3). This difference 
between the strain and displacement behavior was because the strains depends on the 
curvature of the member not the amount of displacement induced by the member. 
Figures. 6.22 and 6.23 show a very close behavior between the two steel diaphragm 
cases. The highest displacement reached in the X-braced diaphragm case for BMl was 0.272 
in. This displacement was found to be equal to 0.264 in. in the K-braced diaphragm. The 
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relatively large difference between the loaded and unloaded girder displacements for the steel 
diaphragm cases indicates that the axial rigidity of the steel diaphragms was not as high as 
that of the RC diaphragm. 
Figures 6.24, 6.25 and 6.26 present the horizontal displacements of the five PC 
girders for the RC, X-braced and K-braced intermediate diaphragm cases, respectively. The 
load associated with these figures was applied at the mid-span of BM5. By comparing the 
results of this case of loading with the results previously presented in Figs. 6.21-6.23, an 
essential similarity in the behavior of both cases was noticed. As shown in Figs. 6.24, 6.25 
and 6.26, the largest horizontal displacements for BM5 for the RC, X-braced and K-braced 
intermediate diaphragm cases were 0.223, 0.27 and 0.265, respectively. 
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Figure 6.24. Horizontal displacement vs. time for the RC diaphragm case. Load 
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Figures 6.27, 6.28 and 6.29 present the horizontal displacements of the five PC 
girders for the RC, X-braced and K-braced intermediate diaphragm cases, respectively. The 
load associated with these figures was applied 16 ft away from the mid-span ofBMl. The 
displacement behavior and magnitudes of the three diaphragm type cases were very close to 
each other. The maximum displacement of the loaded girder (BMI) for the RC and the X-
braced intermediate diaphragm cases was 0.227 in., while that for the K-braced diaphragm 
case was 0.219 in. The maximum displacements for the three diaphragm cases were at a time 
of 0.075 sec. This agreement in the behavior of the displacements for different diaphragm 
cases indicates that diaphragm configuration has a minor effect on the displacements induced 
away from the diaphragm location when the load was applied away from the diaphragm. 
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Figure 6.27. Horizontal displacement vs. time for the RC diaphragm case. Load at 
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Figure 6.29. Horizontal displacement vs. time for the K-braced diaphragm case. 
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Figures 6.30, 6.31 and 6.32 show the horizontal displacements of the five PC girders 
for the RC, X-braced and K-braced intermediate diaphragm cases, respectively, when the 
load was applied 16 ft away from the mid-span ofBM5. An agreement in the behavior and 
displacement magnitudes was observed between these figures and corresponding figures 
presented when the load was at BMl (see Figs. 6.27, 6.28 and 6.29). This agreement 
supports the argument mentioned in the preceding paragraph about the effectiveness of the 
diaphragm type on the lateral stiffness of the bridge away from the diaphragm location when 
the load was applied 16 ft away from the intermediate diaphragms. 
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6.3.3 Strain and displacement comparison 
In this section, comparisons between the strain and displacement results for the three 
diaphragm type cases are presented. Also the case with no intermediate diaphragm is 
presented to illustrate the effectiveness of intermediate diaphragms in reducing the damage 
that might result from a lateral impact load hitting the bottom flange of one of the bridge 
girders. Since the damage might be transferred to the girder adjacent to the girder that 
experienced the impact load, the presented comparison will focus on the strains and 
displacements for the loaded and adjacent PC girders. 
6.3.3.1 Strain results comparison. Figure 6.33 shows a comparison between the 
maximum principal tensile strains in BM 1 for the different intermediate diaphragm cases. 
The notation ND represents the no intermediate diaphragm case. The 120-kip lateral impact 
load with duration time of 0.1 sec that was associated with this figure was applied at the mid-
span ofBMl. As previously discussed in section 6.3.1, the loaded girder was the most 
affected girder by the hit, and it was expected to experience the most sever damage that 
might occur to the bridge. Based on this fact, the results presented in this figure are for the 
loaded girder only. As shown in the Fig 6.33, the RC intermediate diaphragm case had the 
lowest response values among the four cases. The maximum strain induced in BMl for the 
RC diaphragm case was about 26% of the maximum strain that was induced when there were 
no diaphragms. The strains in BMl for the two steel diaphragm cases were close in behavior 
and magnitudes. The highest strain value induced in the K-braced diaphragm case was about 
37% of that would be induced ifthere was no diaphragm, while that for the X-braced case 
was about 40%. Although there was about 7% difference between the highest strain values 
recorded in the two steel diaphragm cases, this minor difference was considered insufficient 
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Figure 6.33. Maximum principal tensile strain in BMl vs. time for diaphragm cases. 
Load at BMl mid-span 
to prove the efficiency of the K-braced diaphragm type, which experienced less maximum 
strain compared to the X-braced type. 
Figure 6.34 shows a comparison between the maximum principal tensile strains 
distributions along the loaded beam in the vicinity of the hit location for the different 
diaphragm cases. The load associated with this figure was the same as that for Fig. 6.33. 
Due to the symmetry of the model and loading about the mid-span of the model, the 
distribution was presented for a portion of one half of the loaded beam. Each of the strain 
distributions was calculated at the time where the principal tensile strains at the mid-span 
section reached its maximum value. This time was not the same for different diaphragm 
cases. As shown in the figure, the absence of diaphragms caused the impacted girder strains 
to decrease more gradually than that for the cases with diaphragms. This caused the strain at 
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Figure 6.34. Maximum principal tensile strain distribution along portion of BMl for 
diaphragm cases. Load at BMl mid-span 
40 in. away from the load location to be reduced by only 20% of its maximum value at the hit 
location. The RC diaphragm showed a better influence in causing the strains to diminish 
more rapidly than the other cases. The strains almost dropped to one half of its maximum 
value 10 in. away from the diaphragm location. At a distance of 40 in. away from mid-span 
the strains, dropped about 80% of its highest value. Both of the steel diaphragms had 
essentially the same effect on the strain distribution along the length of the loaded beam. The 
strain distribution behavior for the intermediate steel diaphragm cases was close in behavior 
compared to the intermediate RC diaphragm case. Both of the steel diaphragms reduced the 
maximum principal tensile strain by about 62% of its maximum value at 40 in. away from 
the load location. 
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To get a more complete indication of the damage that a bridge might sustain when 
being accidentally struck by an object carried by a vehicle passing under the bridge, the 
maximum principal tensile strains induced in the girder adjacent to the one that was hit were 
investigated. The purpose of this study was to determine whether the intermediate 
diaphragms would spread the impact force from the girder being hit to the rest of the bridge 
girders. Figure. 6.35 illustrates the maximum principal tensile strains induced in BMI and 
BM2 for different diaphragm cases for the same loading associated with Fig. 6.34. The 
results presented for the diaphragm cases was recorded at the bottom flanges of BM 1 and 
BM2 at the section where the load was applied, while that for the no diaphragm case were 
recorded at the top fibers of the two girder's web. For each diaphragm case, the strains in 
BM 1 and BM2 was induced at two different times. This time was when the highest strain 
was reached in each beam. 
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non-skewed bridge case. Load at BMl mid-span 
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When there was no diaphragm present, the loaded girder was the main girder resisting 
the load and the strains induced in its adjacent beam were relatively small. When the 
intermediate diaphragms were added to the bridge, the amount of strains induced in the 
loaded beam significantly dropped, resulting a decrease in the damage that could occur to 
this girder. On the other hand, the diaphragms transferred a portion of the impact load from 
the loaded beam to the rest of the beams. As noticed from the figure, this portion of load 
transferred by the diaphragm mainly depends on the type of intermediate diaphragm. In the 
two steel diaphragm cases higher strain was induced in BM2 than that for the RC diaphragm 
case. This behavior was contributed to the existence of the horizontal strut, which participate 
in transferring a portion of the applied load directly from the bottom flange ofBMl to the 
bottom flange ofBM2. By comparing the two steel diaphragms results, a 30% difference 
was noticed in BM2 strain results. The alignment of the steel bracing members in the X-
braced diaphragm case helped in transferring more loads to the bottom flange of BM2, while 
in the K-braced diaphragm, the bracing members were not connected to the PC girders at the 
bottom flange location. As previously mentioned, the absence of a direct connection 
between the bottom flanges ofBMl and BM2 in the RC diaphragm case helped in reducing 
the amount of strains induced in BM2. The RC diaphragm induced a maximum principal 
tensile strain in BM2 that was 55% less than that associated with the K-braced type. 
A simplified static study involving the two steel diaphragms was conducted to 
investigate the observation mentioned in the previous paragraph regarding the capability of 
each of the two diaphragms in causing a potential spreading of impact damage to adjacent 
girders. The noticed observation was that in the X-braced diaphragm case the damage in 
BM2 was higher than the K-braced diaphragm case when the impact load was applied at the 
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mid-span of BM 1. Thus, the 120-kip was applied statically at the mid-span of BM 1 after 
adding a simplified idealization for members of the two steel diaphragms. Each diaphragm 
was modeled using LINKS elements. The bracing members and the horizontal strut were the 
only diaphragm elements modeled in these simplified models. The horizontal strut was 
modeled as two separate members (WT6xl 7.5 and W14x34). Figure 6.36 illustrates the 
positions for each member and the forces induced in the diaphragm members. The negative 
sign indicates compressive force. 
a. X-braced diaphragm 
b. K-braced diaphragm 
Figure 6.36. Forces in the X-braced and K-braced diaphragms simplified models 
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To calculate the horizontal force transferred to each girder from its adjacent girder, 
the horizontal components of the forces induced in the diaphragm members connected to the 
girder profile that is closer to BMl were added together. By following this procedure, the 
forces transferred to BM2 in the X-braced and K-braced diaphragm cases were 
approximately 104 kips and 94 kips, respectively. In the case of BM3 these forces were 64 
kips and 56 kips for the X-braced and K-braced diaphragms, respectively. The two 
diaphragms showed almost the same results for the forces transferred to BM4 and BM5. The 
average difference of 11 % between the forces transferred to BM2 and BM3 for the two 
diaphragm cases supports the conclusion previously discussed that the X-braced diaphragm 
has the potential to cause slightly more damage spread than that for the K-braced diaphragm. 
Figure 6.37 shows the maximum principal tensile strains in the loaded beam for the 
different diaphragm cases when the load was applied at the mid-span of BM5. As shown in 
the figure, during most of the load duration time, the RC intermediate diaphragm case 
showed the least strain results among the four cases. The RC diaphragm existence reduced 
the maximum tensile principal strain about 82% compared to the no diaphragm case. On the 
other hand, the behavior of the two steel diaphragm cases was almost the same, but the K-
braced diaphragm caused more r~duction in the strains than the X-braced diaphragm. The 
maximum strain reduction produced by the K-braced and the X-braced diaphragms were 
about 75% and 69%, respectively, compared to the case with no diaphragms. Although there 
was an average difference of 15% between the strain responses of the two steel diaphragm 
cases, the author found this difference not sufficient enough to consider the K-braced 
diaphragm more efficient than the X-braced type in reducing the damage occurring to the 
bridge. 
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Figure 6.37. Maximum principal tensile strain in BMS vs. time for diaphragm cases. 
Load at BM5 mid-span 
A comparison of the distribution of the maximum principal tensile strains in the 
loaded girder for different diaphragm cases, when the load was applied at the mid-span of 
BMS, is presented in Fig. 6.38. The strain response of each of the presented diaphragm cases 
was recorded at the time were the highest tensile principal strains occurred at the mid-span 
section of the loaded beam. This time varied between different diaphragm cases. The 
behavior of the responses presented in this figure was almost the same as that was discussed 
in Fig. 6.34 when BMl was loaded. 
The same· damage spread study discussed in Fig. 6.35 when BMl was getting hit was 
conducted in the case ofBMS being hit at its mid-span. Figure 6.39 shows the maximum 
principal tensile strains induced in the girder (BM5) exposed to the hit and its adjacent girder 
(BM4). The data presented in the figure was calculated from the same locations previously 
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discussed in Fig. 6.35. As was expected, the no diaphragm case showed minor and neglected 
strains induced in BM4. A significant decrease in the maximum principal tensile strains for 
the loaded beam was noticed when intermediate diaphragms were installed in the bridge. 
The difference between the BM4 strain results for the two steel diaphragm cases was found 
to be about 13%. This difference was probably caused by the geometric shape of the steel 
bracing members in the X-braced diaphragm case, which helped in transferring more loads to 
the bottom flange of BM2, while in the K-braced diaphragm, the bracing members were not 
connected to the PC girders at the bottom flange location. The RC diaphragm induced 
relatively small strains in BM4 compared to those associated with the steel diaphragm cases. 
A 80% difference was recorded between BM4 results in the RC and K-braced diaphragm 
cases. This relatively big difference was due to the existence of the horizontal strut at the 
bottom flanges of the PC girders for the two steel diaphragms. This reasoning was 
previously discussed when studying Fig. 6.35. 
Figures 6.40 and 6.41 show a comparison between maximum principal tensile strains 
for different diaphragm cases when the 60-kip lateral impact load with duration time of 0.1 
sec. was applied 16 ft away from the mid-span ofBMl and BM5, respectively. The 
responses shown are for the loaded beams in the location where the maximum strains were 
induced. For all cases, the highest strains were found to be at the top fibers of the girder's 
web, where the web was connected to the top flange. The two figures show an agreement in 
the responses values and behavior. As seen in the figures, the three diaphragm cases had 
almost the same response. This behavior indicates that when the load is applied far enough 
from the diaphragm location, any damage induced due to the accidental hit would not depend 
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on the type of intermediate diaphragms studied in this work. This conclusion does not 
weaken the previous conclusion regarding the effectiveness of intermediate diaphragms in 
reducing the damage, as can be observed by comparing the diaphragm with the no diaphragm 
results. As shown in the figures, the existence of an intermediate diaphragms of any type 
reduced the maximum principal tensile strains in the loaded beam by about 25% compared to 
the no diaphragm case. This percent is expected to increase when the lateral load is applied 
closer to the intermediate diaphragms. A study involving a load was applied closer to the 
intermediate diaphragms location is discussed in section 6.3.4. 
6.3.3.2 Displacement results comparison. In this section, a comparison is 
presented between the horizontal displacement results for the three diaphragm cases in 
addition to the no diaphragm case. All the results presented are for the loaded beam at the 
location where the maximum deflection was recorded. This location was found to be at the 
loaded girder's bottom flange for all the studied cases. Figures 6.42 and 6.43 shows the 
horizontal displacements of the loaded girder when the load was applied at the mid-span of 
BMI and BM5, respectively. The responses for the two loads show an agreement in the 
displacement behavior and magnitudes. As shown in the figures, the two steel diaphragms 
had almost the same response and only minor differences occurred in their displacement 
results. Both of the steel diaphragms reduced the maximum displacement about 48% 
compared to that for the case with no diaphragms. The RC intermediate diaphragm reduced 
the maximum horizontal displacement about 58% compared to the no diaphragm case. These 
results illustrate that the RC diaphragm is more axially rigid than the steel diaphragms. 
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The horizontal displacements at the bottom flange of the loaded girder when the load 
was applied 16 ft away from the mid-span ofBMl and BM5 are presented in Figs. 6.44 and 
6.45, respectively. By comparing the two figures, an agreement in the displacement behavior 
and magnitudes was noticed. As shown in the figure, the three diaphragm cases had almost 
the same response, which was less in magnitude than that with no diaphragms. The 
reduction in the maximum horizontal displacement, caused by the existence of the 
intermediate diaphragm of any type, was about 15% compared to the case with no 
diaphragms. This result shows that the existence of intermediate diaphragms of any type 
improves the rigidity of the bridge in the lateral direction. The percent of improvement is 
expected to increase when the load is applied closer to the diaphragm location. 
6.3.4 Four feet load case 
The effect of intermediate diaphragms in reducing the impact damage depends on the 
location of the impact relative to the intermediate diaphragms location. The previous 
investigations for girder impacts were 16 ft away from the diaphragms. As shown in Fig. 
5. 7, this distance was based on the width of the roadway passing underneath the studied 
bridge. Almost all of the three types of diaphragms studied in this research provided the 
bridge with the same degree of protection when the load was applied at 16 ft away from the 
diaphragms. On the other hand, when the load was applied at the intermediate diaphragm 
location, the degree of protection provided by each diaphragm type varied. The previous 
discussion lead to the conclusion that the type of intermediate diaphragm has a significant 
effect in controlling the damage sustained by the bridge when the bridge is struck at the 
location of the diaphragm, but when the hit is located away from the diaphragm all the 
0.7 
BM5 
0 .6 
---:- 0 .5 
C t BM! 
C - 0.4 C 
s 
0.3 e,: 
C. 
[I) 
Q 0.2 
-----·-·---
0 .1 
0 
0 0.02 0.04 0.06 
172 
--·- -....__ 
.·,. 
\~-. ,, 
·-- --~-.\_ '~-, 
--RC 
--- X-BRACE 
······K-BRACE 
---- ND 
·---.>>:.~.>~-
' 
0 .0 8 
Time (sec.) 
0 .1 0 .12 0 .14 0 .1 6 
Figure 6.44. Horizontal displacement of BMl vs. time for diaphragm cases. Load at 
16 ft away from BMl mid-span 
0.7 
0.6 t BM5 
---:- 0.5 BM! --::: 0 .4 a:i s 
0.3 co: 
C. 
[I) 
Q 0.2 
0 . 1 
0 
0 0.02 0.04 0.06 
~·- ·....__ _., 
\~-
---~'\. 
\ ,, 
'. ,·, 
--RC 
--- X-BRACE 
······K-BRACE 
-·-· ND 
· ... _,,·, .. 
.... __ , ............. -:---"-·. 
0.08 
Time (sec.) 
0 .1 0 .12 0 . 14 0 . 16 
Figure 6.45. Horizontal displacement of BMS vs. time for diaphragm cases. Load at 
16 ft away from BMS mid-span 
173 
intermediate diaphragm types studied provided essentially the same degree of protection for 
the bridge. 
To investigate impacts closer to the intermediate diaphragms, a load offset was 
selected to be 4 ft. The 60 kips impact load shown in Fig. 5 .23b was applied as a pressure 
load as shown in Fig. 5.24. BMl was the girder considered in this study. The maximum 
principal tensile strain for the three diaphragm cases, in addition to the no diaphragm case, is 
presented in Fig. 6.46. Due to the rotational restrain, which is gained by the bridge girders 
about its longitudinal axis after adding the diaphragms, the maximum principal tensile strain 
location varied between the diaphragm and no diaphragm cases. For the three diaphragm 
cases, the highest strains were located at the bottom flange at the section where the load was 
applied, while in the no diaphragm case, the highest strains occurred at the top fibers of the 
web at the section where the load was applied. As shown in the figure, the strain response 
for the three diaphragm cases was close. The two steel diaphragms almost had the same 
strain response, and each of them reduced the maximum tensile strain induced in the loaded 
beam by about 36% compared to the case with no diaphragms. The RC diaphragm caused 
more of a reduction in the maximum strains induced in the loaded girder. The reduction 
provided by the RC diaphragm was about 40% compared to the no diaphragm case. This 
minor difference in the degree of protection provided by each diaphragm type when the load 
was applied 4 ft away from the diaphragm location, supports the conclusion mentioned in the 
previous paragraph. 
6.4 Skewed bridge model results 
This section focuses on studying the analytical results of the skewed bridge finite 
element model shown in Fig. 5 .25 where the intermediate diaphragms have a staggered 
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Figure 6.46. Maximum principal tensile strain in BMl vs. time for diaphragm cases. 
Load at 4 ft away from BMl mid-span 
arrangement. The description of the finite element model was presented in section 5 .4.1. As 
mentioned in section 5.4.3, due to the small amount of variation in the dynamic load factor 
(DLF) in all the diaphragm cases studied in the non-skewed bridge model case, the author 
decided to conduct this study using static analysis instead of a dynamic analysis. The load 
values and locations considered in the study of the skewed bridge model was discussed in 
section 5.4.3. 
Figure 6.4 7 shows a comparison between the maximum principal tensile strains for 
the three diaphragm cases in addition to the no diaphragm case when the load was applied to 
BMl at the intermediate diaphragm location. The strain data presented in this figure are for 
the loaded beam and the adjacent beam. All the presented results were recorded at the 
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Figure 6.47. Maximum principal tensile strains in BMl and BM2 for diaphragm cases 
locations where the maximum strains occurred. For all the diaphragm cases, the maximum 
strains ofBMl and BM2 were found to be at the bottom flange at the section where the first 
intermediate diaphragm was installed between the two girders. For the no diaphragm case, 
the maximum response was located at the top fibers of the web at the applied load section. 
As noticed from the figure, the 120-kip inclined load applied to the mid-span ofBMI 
induced 548 micro-strains in the loaded beam when there were no diaphragms. Very small 
strains were induced in BM2 as a result of the hit. 
The addition of intermediate diaphragms reduced the strains in the loaded beam and 
transferred more loads to the adjacent beams. The two steel diaphragms provided almost the 
same amount of impact protection to the girder experiencing the hit. They also induced 
essentially the same amount of strains in the adjacent beam. The reduction in BMl strains 
176 
provided by adding the steel diaphragms was about 3 9% compared to the strains for the no 
diaphragm case. The RC diaphragm provided more protection to the loaded beam, where it 
reduced the amount of strains in BMI by about 65% compared to the strains for the case with 
no diaphragms. Although the RC diaphragm provided more protection to the loaded girder 
than the two steel diaphragms, it induced more strains in the adjacent girder than that was 
induced in the steel diaphragm cases. The difference between the strains induced in BM2 for 
the steel and RC diaphragm cases was about 70%. This behavior was opposite to the 
behavior previously introduced in Fig. 6.35 for the non-skewed bridge. This difference in the 
behavior between the skewed and non-skewed bridge was expected due to the staggered 
alignment of the intermediate diaphragms. When the intermediate diaphragms were in 
alignment ( on the same straight line) in the case of non-skewed bridge, a larger amount of the 
force that was induced in the first intermediate diaphragm is transferred to the rest of the 
diaphragms than in the skewed bridge case. As a result, a larger amount of force is 
transferred from the impacted beam to its adjacent beam in the skewed bridge case than that 
for the non-skewed case. Also the second intermediate diaphragm located between BM2 and 
BM3 acts as a lateral support for BM2. The horizontal strut in the steel X-braced and K-
braced diaphragms plays an important role in minimizing the strains induced in BM2. The 
horizontal strut of the second intermediate diaphragm located between BM2 and BM3 acts as 
an intermediate support for the bottom flange of BM2. This kind of support in the steel 
diaphragm case, which was not provided in the RC diaphragm, reduced the strains resulting 
inBM2. 
Figure 6.48 presents the maximum principal tensile strains for different diaphragm 
cases when the load was applied at BM5, at the section where the intermediate diaphragm is 
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Figure 6.48. Maximum principal tensile strains in BMS and BM4 for diaphragm cases 
connected to the beam. The strain location associated with the figure was the same as that 
associated with Fig. 6.47. The same strain behavior observed in Fig. 6.47 was noticed in Fig. 
6.48 as well. The RC intermediate diaphragm provided the loaded beam (BM5) with a better 
protection than that provided by the two steel diaphragms. The reduction in strains caused by 
the RC diaphragm was about 70% compared to the no diaphragm case, while that was caused 
by the steel diaphragms was about 60% compared to the case with no diaphragms. On the 
other hand, the amount of damage induced in the adjacent girder would be higher in the RC 
diaphragm case than that for the steel diaphragm cases. This phenomenon was previously 
noticed and discussed in the case of Fig. 6.47, when BMl was loaded. 
To study the skewed bridge behavior when an over-height vehicle strikes the bridge 
away from the intermediate diaphragm locations, BMl and BM5 were loaded at 16 ft away 
from the diaphragms location as shown in Fig. 5.30. The induced strains for the loaded beam 
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Figure 6.49. Maximum principal tensile strains in BMl for diaphragm cases. Load at 
16 ft away from BMl mid-span 
in the two cases were almost the same, thus only one of the two cases is presented in this 
section. Figure 6.49 shows the maximum principal tensile strains for BMl when the load 
was applied 16 ft away from the intermediate diaphragm location, as shown in Fig._ 5.30. All 
of the presented strains were induced at the top fiber of the web at the section where the load 
was applied. This location experienced the highest principal tensile strains in the loaded 
girder. The figure shows almost no difference in the strains associated with the three types of 
diaphragm and no diaphragm cases. This behavior is different from that was shown in Fig. 
6.40 for the non-skewed bridge case under the same loading. In the non-skewed bridge, the 
existence of diaphragms reduced the maximum principal tensile strains in the loaded beam 
by about 25% compared to the no diaphragm case. This reduction in strains was not 
provided in the skewed bridge. There are two main reasons for this difference in behavior. 
179 
The first reason was due to the direction of the applied load for the skewed bridge. The load 
direction was parallel to the roadway passing under the bridge (see Fig. 5.30). The inclined 
load was modeled as two perpendicular components. One component was parallel and the 
other component was perpendicular to the girder's longitudinal axis. An intermediate 
diaphragm resists the component perpendicular to the girder's axis. The load component that 
is parallel to the girder length induces tensile strains in the loaded beam on one side of the 
location of the impact point and compressive strains on the other side of the impact point. 
The intermediate diaphragms do not resist the force component parallel to the girder length. 
Therefore, the intermediate diaphragms are not as effective in resisting the impact load in 
skewed bridges as it is in the non-skewed bridges. The second reason was because the 
shown results in Fig. 6.49 are based on static analysis, which does not include the time as a 
factor in the analysis. 
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7. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
7.1 Summary 
This research studied the effectiveness of intermediate diaphragms in reducing the 
damage sustained to the girders of a PC girder bridge when subjected to lateral impacts 
resulting from an over-height vehicle passing beneath the bridge. The possibility of 
replacing the RC diaphragms currently used by the Iowa DOT in PC girder bridges by an 
alternative steel diaphragm, which has a practical configuration and would provide the bridge 
girders with the same degree of protection as the RC diaphragm, was also investigated. 
A literature search was conducted to review publications related to the use of 
intermediate diaphragms in resisting lateral impact loads. Several domestic and international 
databases were involved in this search. The results of the search revealed that most of the 
publications discussed diaphragm effectiveness in laterally distributing wheel loads laterally. 
Very few publications were concerned about resisting lateral impacts by using intermediate 
diaphragms. Different points of view regarding the effectiveness of diaphragms were 
documented in the literature. Some of the opinions and conclusions recorded in different 
publications contradicted each other about whether intermediate diaphragms are useful or 
harmful in PC girder bridges. 
A survey was conducted of the departments of transportation in all fifty states to 
determine the types of diaphragms currently used by design agencies and the methods used to 
design them. The survey included questions related to the types of diaphragms currently 
being used in PC girder bridges by the design agency when the bridge is crossing highway, 
navigable waterway, railroad right-of-way, and when there is no traffic passing beneath the 
bridge. The questionnaire also contained other questions regarding the methods used in 
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designing intermediate diaphragms and the connections of the diaphragms with the bridge 
deck and girders. 
Approximately 75% of the contacted agencies returned the questionnaire. Almost 
95% of the respondents use intermediate diaphragms in PC girder bridges. Less than 40% of 
the respondents use structural-steel diaphragms in PC girder bridges, and about 95% of them 
permit the use of cast-in-place RC diaphragms in the case of a bridge passing over a traffic 
highway. Approximately 70% of the respondents documented that they do not use 
intermediate diaphragms to minimize the PC girders damage that would result by an impact 
caused by an over-height vehicle passing beneath the bridge. 
The objectives of this work were attained by analyzing several bridges that were 
provided with intermediate diaphragms using the ANSYS5.5 [6] software. Published test 
results [ 11] were used to calibrate and guide the finite element modeling. The purpose of this 
study was to develop the type of the elements and mesh size that could be used in modeling 
PC girder bridges. Several degrees of mesh sensitivity and detailed modeling were carried 
out in order to improve the accuracy of the results. 
An average maximum difference of20% was observed in the strain and displacement 
results that were predicted by a finite element model of an experimental bridge [ 11] and 
those measured results for that experimental bridge. These differences could have resulted 
from the presence of cracks, which were not included in the idealization of the bridge 
structure for the finite element analysis, but were noted in the tested bridge. 
Two four-span of the Iowa DOT PC girder bridges were used as a reference and 
guide in creating the finite element models that were used in the rest of the research. One of 
the two bridges was a non-skewed bridge and the other one was a skewed bridge. Due to the 
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complexity of the finite element model and the large amount of CPU time required to solve a 
complete bridge model, only one of the two interior bridge spans was modeled for the final 
analyses. This simplification proved not to significantly affect the PC girders displacement 
results of the no diaphragm case in the non-skewed bridge case, and its effect on the strain 
results of the girders in the same case was less than 15%, compared to the results obtained 
from analyzing a bridge model including all four spans. 
Three types of intermediate diaphragms located at the mid-span were considered in 
this study. These diaphragms were: a RC diaphragm, an X-braced with horizontal strut steel 
diaphragm, and a K-braced with horizontal strut diaphragm. The three diaphragm types are 
currently used by the Iowa DOT in the construction of PC girder bridges. 
In the study of the non-skewed bridge, the two exterior girders were the only girders 
loaded by an impact load that was used to simulate the effect of an over-height vehicle 
striking a girder's bottom flange when the vehicle passing beneath the bridge. A load was 
applied at the mid-span section or at sixteen feet from the mid-span. To study the diaphragm 
effectiveness in reducing the damage when the hit was close to the diaphragm location, the 
model was tested after applying an impact load at four feet away from the diaphragm on one 
of the exterior girders. 
The amount of damage occurred in the bridge girders due to the impact load was 
predicted using the maximum principal tensile strains induced in each girder. To measure 
the degree of protection provided by each diaphragm against lateral impacts, the tensile 
principal strains for the girder experiencing the hit in each diaphragm type case was 
compared to that in the case when there were no intermediate diaphragms installed. The 
spread of damage to other girders was also examined in similar ways. These results were 
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compared for different diaphragm type cases to determine the effectiveness of each 
diaphragm type. 
7.2 Conclusions 
The following conclusions were made from this study: 
• When a lateral load was applied directly at the diaphragm location, the particular 
diaphragm type studied has a significant effect on the amount of protection provided for 
the bridge girders. The intermediate RC diaphragms provided the bridge girders with a 
higher degree of impact protection than that provided by the two steel diaphragms 
studied. The intermediate RC diaphragm has a greater capability than that for the 
intermediate steel diaphragms, which were studied, for localizing the damage of the 
impacted girder at the location of the diaphragm. · 
• When an over-height vehicle strikes a bridge girder away from a diaphragm location, the 
existence of intermediate diaphragms reduces the amount of damage occurring to the 
bridge girders. The degree of protection provided by each diaphragm type studied was 
almost the same. 
• Since an over-height vehicle passing beneath the bridge will usually strike a girder away 
from the diaphragm location, any of the three diaphragm types presented in this research 
could be used in the PC girder bridge and almost the same degree of impact protection 
will be provided by each of them. 
• In the non-skewed bridge case, the two steel diaphragms that were studied would permit 
more damage in the girders adjacent to the girder experiencing the hit than that for the 
RC diaphragm. This behavior indicates that although the RC diaphragm proved to be 
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more axially rigid than the two steel diaphragms, its geometrical configuration allowed it 
to be less capable of spreading damage to the other bridge girders. 
• In the skewed bridge case, the two steel diaphragms that were studied would provide 
more protection to the girder adjacent to the girder experiencing the impact than that 
provided by the RC diaphragm. This behavior was due to the staggered arrangement of 
the diaphragms, which allowed the steel horizontal struts of the steel diaphragms to act as 
lateral support for the girders bottom flange. 
• A comparison of the horizontal displacements of the girders in the RC diaphragm and 
steel diaphragm cases, showed that the RC diaphragm is more axially rigid than the steel 
diaphragms. Both the X-braced and K-braced diaphragm types provided essentially the 
same degree of transverse rigidity to a bridge structure 
• The dynamic load factor (DLF) at the location of the maximum response for various 
diaphragm cases was in the range 1.15-1.2, which indicates that the type of intermediate 
diaphragm studied had only a minor effect on the dynamic characteristics of the PC 
girder bridge. 
• Although the K-braced with horizontal strut steel diaphragm provided the bridge girders 
with a slightly higher degree of impact protection than that provided by the X-braced 
with horizontal strut diaphragm, this minor difference was not sufficient to recommend 
using the K-braced diaphragm instead of the X-braced diaphragm. 
7 .3 Recommendations 
1) A more advanced finite element analysis is recommended. In this analysis the nonlinear 
behavior of the concrete should be considered as well as the prestressing effect in the PC 
girders. However, in the author's opinion this study will have a minor effect on the final 
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conclusion regarding the efficiency of the studied diaphragm types when the hit is away 
from the diaphragm location. 
2) Another scenario of loading should be studied. In this scenario several girders would 
experience the impacts in a sequence order. This case of loading is likely to happen 
when the vehicle strikes the exterior girder and continue moving to hit all or some of the 
other girders. 
3) Since in some instances, the object carried by a vehicle could strike a girder on the web, 
further studies are recommended when an impact load is applied to a girder's web. 
186 
APPENDIX 
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DESIGN AGENCY QUESTIONNAIRE RESULTS 
The number shown in ( ) represents the number of design agencies that have selected 
this answer. The notes between [ ] are the agencies comments on specific questions. 
Part I. State or Agency and Policy on the Use of Intermediate Diaphragms 
1. Is your state or agency currently specifying any type of intermediate diaphragms for 
PC bridges? 
( 36) Yes 
( 2 ) No (If you answered no, please skip to Question 5 in this part of the 
survey.) 
2. Does your state or agency use structural-steel, intermediate diaphragms in PC girder 
bridges? 
( 14 ) Yes 
( 22 ) No (If you answered no, please skip to Part II of the survey.) 
3. Why does your state or agency use structural-steel, intermediate diaphragms in PC 
girder bridges? (Please check all that apply.) 
( 3 ) State or agency requirement. 
( 1 ) To facilitate the use of stay-in-place, precast panel or metal deck forms that 
are used in bridge decks. 
( 6 ) Bridge contractors have not chosen to use a reinforced concrete diaphragm 
alternate. 
(10 ) Other reason (please specify) _[ Its faster, easier and cheaper than cast-in-
place concrete diaphragms] 
(Please skip to Part II of the survey.) 
4. Has your state or agency ever specified intermediate diaphragms for PC bridges? 
( 8) Yes 
( 0) No (If you answered no, please stop here. Do not complete the rest of 
the survey. Please return the survey in the enclosed, postage-
prepaid, self-addressed envelope. 
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5. When did your state or agency discontinue using intermediate diaphragms for PC 
bridges? 
( 0 ) Date is not known. 
( 4 ) Date is known. When? 
6. Why did your state or agency discontinue using intermediate diaphragms for PC 
bridges? 
( 0 ) Reason is not known. 
( 4 ) Reason is known. Why? [Based on research results, which demonstrated 
that intermediate diaphragms do not affect live load 
distribution] 
Note: Please answer the remaining questions in this survey with respect to the last time 
intermediate diaphragms were used in PC girder bridges. 
Part II. Intermediate Diaphragm Construction Material 
1. What type of intermediate diaphragm material is permitted by your state or agency 
when a PC girder bridge is above a highway where an over-height vehicle or load 
could impact against a girder bottom flange? (Please check all that apply.) 
( 35) Cast-in-place RC concrete 
( 4 ) Precast concrete 
( 9 ) Rolled steel channel shape 
( 0 ) Welded steel channel shape 
( 2 ) Rolled steel I-shape 
( 0 ) Welded steel I-shape 
( 3) Steel truss 
( 5 ) Steel cross bracing 
( 4 ) Other [Bent plate steel diaphragms] 
2. What type of intermediate diaphragm material is permitted by your state or agency 
when a PC girder bridge is above a navigable waterway where an over-height vessel 
or load could impact against a girder bottom flange? (Please check all that apply.) 
( 32 ) Cast-in-place RC concrete 
( 4 ) Precast concrete 
( 7 ) Rolled steel channel shape 
( 0 ) Welded steel channel shape 
( 1 ) Rolled steel I-shape 
( 0 ) Welded steel I-shape 
( 3 ) Steel truss 
( 5 ) Steel cross bracing 
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( 4 ) Other [Bent plate steel diaphragms] 
3. What type of intermediate diaphragm material is permitted by your state or agency 
when a PC girder bridge is above a railroad right-of-way where an over-height load 
could impact against a girder bottom flange? (Please check all that apply.) 
( 34 ) Cast-in-place RC concrete 
( 4 ) Precast concrete 
( 8 ) Rolled steel channel shape 
( 0 ) Welded steel channel shape 
( 2 ) Rolled steel I-shape 
( 0 ) Welded steel I-shape 
( 3 ) Steel truss 
( 5 ) Steel cross bracing 
( 4 ) Other [Bent plate steel diaphragms : no PC girder bridges over railroad] 
4. What type of intermediate diaphragm material is permitted by your state or agency when 
a PC girder bridge is above a grade separation that has no traffic (highway, water, 
or rail) of any type below the girders? (Please check all that apply.) 
( 33 ) Cast-in-place RC concrete 
( 4 ) Precast concrete 
( 8 ) Rolled steel channel shape 
( 0 ) Welded steel channel shape 
( 1 ) Welded steel channel shape 
( 0 ) Welded steel I-shape 
( 3 ) Steel truss 
( 5 ·) Steel cross bracing 
( 4 ) Other [Bent plate steel diaphragms] 
Part III. Design Criteria for Intermediate Diaphragms in PC Girder Bridges 
1. Are intermediate diaphragms used for temporary lateral support of the PC girders 
during the construction of the bridge? 
( 32) Yes 
( 6 ) No 
2. Are intermediate diaphragms used to minimize damage to the PC girders that would 
be caused by impacts from over-height traffic beneath the bridge? 
( 12) Yes 
( 26) No 
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3. Has your state or agency developed a structural-steel, intermediate diaphragm that 
can be used by bridge contractors as an alternate to a RC or PC, intermediate 
diaphragm in PC girder bridges which could have over-height traffic beneath the 
bridge? 
( 9) Yes 
(29) No 
4. Are specific criteria applied to establish the design of an intermediate diaphragm? 
(Note: This question only applies to the diaphragm itself and does not apply to the 
connections of the diaphragm to the PC girders and/or bridge deck.) 
( 1 ) Yes Note: A yes answer would not apply to a rule-or-thumb criteria. 
(36) No Note: A no answer would apply to a rule-of-thumb criteria. 
Note: If you answered no to this question, please skip to Question 8 in this part of. 
the survey 
5. Does your state or agency use a static-lateral load to represent a lateral impact load, as 
a loading condition for the design of an intermediate diaphragm? 
( 0) Yes 
( 2) No 
6. Does your state or agency use a dynamic-lateral load to represent a lateral impact 
load, as a loading condition for the design of an intermediate diaphragm? 
( 0) Yes 
( 2) No 
7. What design criteria are applied to establish the size of an intermediate diaphragm? 
( 1 ) No specific design criteria. 
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( 1 ) Specific design criteria (please specify) [Bridge cross section acts as a rigid 
body without deformation] 
8. Are specific criteria applied to establish the design of the connections between an 
intermediate diaphragm and the PC girders and/or bridge deck? 
( 1 ) Yes Note: A yes answer would not apply to a rule-or-thumb criteria. 
( 37) No Note: A no answer would apply to a rule-of-thumb criteria. 
Note: If you answered no to this question, please skip to Part IV of the survey. 
9. Does your state or agency use a static-lateral load to represent a lateral impact load, as 
a loading condition for the design of the connections between an intermediate 
diaphragm and the PC girders and/or bridge deck? 
( 0) Yes 
(2) No 
10. Does your state or agency use a dynamic-lateral load to represent a lateral impact 
load, as a loading condition for the design of connections between an intermediate 
diaphragm and the PC girders and/or bridge deck? 
( 0) Yes 
( 2) No 
11. What design criteria are applied to establish the connection between an intermediate 
diaphragm and the PC girders? 
( 0 ) No mechanical connection exists between an intermediate diaphragm and a 
PC girder. 
( 1 ) No specific design criteria. 
( 1 ) Specific design criteria (please specify) [Shear friction design] 
12. What design criteria are applied to establish the connection between an intermediate 
diaphragm and the bridge deck? 
( 1 ) No mechanical connection exists between an intermediate diaphragm and the 
bridge deck.. 
( 0 ) No specific design criteria. 
( 1 ) Design criteria (please specify) [Interface shear design] 
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Part IV. Impact Protection Performance of Intermediate Diaphragms 
Complete the following table by placing a check mark in the appropriate cell to rate the 
overall performance of the listed intermediate diaphragm types in minimizing the damage to 
the PC girders caused by all incidences of lateral impacts from over-height vehicles or over-
height loads striking a PC girder. 
Note: If a particular intermediate diaphragm type listed is not used by your state or 
agency, leave that particular row in the table blank. 
Intermediate Intermediate Diaphragm Performance Rating Regarding Protection 
Diaphragm to PC Girders from Impacts Caused by Over-Height Vehicles or 
Type Over-Height Loads 
Excellent Good Average Fair Poor Comments 
Cast-in-place (12) (13) (4) (1) (1) 
RC concrete 
Precast (2) (0) (1) (0) (0) 
concrete 
Rolled steel (1) (2) (4) (0) (0) 
channel shape 
Welded steel (0) (0) (0) (0) (0) 
channel shape 
Welded steel (0) (0) (0) (0) (0) 
channel shape 
Welded steel (0) (0) (0) (0) (0) 
I-shape 
Steel truss (0) (2) (2) (0) (0) 
Steel cross (0) (0) (0) (0) (0) 
bracing 
Other (0) (1) (0) (0) (0) 
(specify) 
Part V. Additional Comments 
In the space below, please write your comments on any topic associated with the use of 
intermediate diaphragms in PC girder bridges. 
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[Most damage happens at the bottom flange : A strike any where near the diaphragm shatters 
the beam : More damage between diaphragms : Damage is felt to be unrelated to type of 
diaphragms : Research proved that diaphragms are only necessary in the case of skewed and 
curved bridges : Corrosion is a problem in steel diaphragms] 
Part VI. Intermediate Diaphragm Details and Specifications 
Please send us a copy of your standard details and specifications for all types of intermediate 
diaphragms that are used for PC girder bridges by your state or agency. We are particularly 
interested in receiving information about structural-steel, intermediate diaphragms that have 
been developed by your state or agency and that can be used by bridge contractors as an 
alternate to RC or PC intermediate diaphragms in PC girder bridges which could be struck by 
over-height vehicles or loads. 
Part VII. Survey Evaluation 
Please indicate those questions that you had difficulty in answering by listing the survey part 
and the question numbers below (i.e., III-2 for Part III, Question 2). 
Part VIII. Summary 
Do you want to receive a copy of a summary of the survey results? 
( 35) Yes 
( 5 ) No 
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